MECHANISMS AND CONSEQUENCES OF DNA METHYLATION IN TWO MODEL SPECIES by Chu, Erin Tsi-Jia
  
 
MECHANISMS AND CONSEQUENCES OF DNA METHYLATION IN TWO 
MODEL SPECIES 
 
 
 
 
 
 
 
 
A Dissertation 
Presented to the Faculty of the Graduate School 
of Cornell University 
In Partial Fulfillment of the Requirements for the Degree of 
Doctor of Philosophy 
 
 
 
 
 
 
by 
Erin Tsi-Jia Chu 
December 2017
  
 
 
 
 
 
 
 
 
 
 
 
© 2017 Erin Tsi-Jia Chu
  
MECHANISMS AND CONSEQUENCES OF DNA METHYLATION IN TWO 
MODEL SPECIES 
 
Erin Tsi-Jia Chu, D.V.M., Ph. D. 
Cornell University 2017 
 
DOCTORAL ABSTRACT 
 
Epigenetic modifications are known to regulate gene expression in a 
heritable manner, and can broadly be divided into three interacting classes: 
DNA methylation, histone modifications, and chromatin interactions. While the 
trans acting factors that establish, maintain, and remove DNA methylation are 
well-known, the cis acting mechanisms that direct DNA methylation to specific 
genomic locations remain elusive. Two gene classes offer insights into cis-
acting mechanisms for DNA methylation: imprinted loci, and transposable 
elements. A locus spanning both is the murine Rasgrf1 locus. Rasgrf1 has a 
cis element, a series of tandem repeats, required for DNA methylation, but 
also harbors a long noncoding RNA, the pitRNA. The pitRNA is driven by the 
repeats and is targeted by piRNAs, small RNAs that mediate transposable 
element methylation in the mammalian male germline. However, the effects of 
the pitRNA versus the repeats have not yet been separated. My work, where I 
used CRISPR/Cas9 genome editing to generate a targeted mutant system 
permitting inducible control of the pitRNA, is the first to query the sufficiency of 
the pitRNA independently. Using quantitative qPCR and targeted bisulfite 
sequencing, I demonstrated that expression of the lncRNA at physiological 
levels in the male germline is insufficient to impart DNA methylation at 
 Rasgrf1. These findings were complimented by additional in vitro studies, 
where I identified Sp1 as a transcription factor that binds the repeats and is 
required for pitRNA expression. Sp1 binds secondary DNA structure and has 
recently been identified as a regulating factor at another imprinted gene. 
Together, these findings support an alternative, critical role for the repeats 
beyond their known role in regulating pitRNA expression. 
Beyond mechanism, DNA methylation in the context of disease are an 
area of active study, though its utility in non-traditional model organisms is 
nascent. The second focus of my thesis speaks to this. I performed reduced 
representation bisulfite analysis on two dog breeds with highly diverse 
morphology and disease risks. While this work is largely preliminary, two 
differentially methylated regions have direct association with differential 
disease risk between these two breeds, suggesting that the canine methylome 
could be used as method of disease surveillance. 
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“But I don’t want to go among mad people,” Alice remarked. 
“Oh, you can’t help that,” said the Cat: 
“We’re all mad here. I’m mad. You’re mad.” 
“How do you know I’m mad?” said Alice. 
“You must be, said the Cat, “or you wouldn’t have come here.” 
- Lewis Carroll, Alice in Wonderland 
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 1 
I INTRODUCTION 
I.A Epigenetic state: DNA methylation 
Epigenetic state is defined as heritable patterns of gene expression 
without changes to the DNA sequence. A hallmark epigenetic modification is 
DNA methylation, which in mammals occurs in a CpG dinucleotide context.  
The methylome is established early during embryogenesis and changes 
dynamically throughout early development, accompanying diverging cell 
types—indeed, mature tissues, even composed of heterogenous cell types, 
can be distinguished by differential methylation (Ziller et al, 2013; Rakyan 
2008). 
Genome-wide, the DNA methylome remains fairly stable throughout the 
lifetime of an organism (reviewed in Bestor et al, 2015). However, changes to 
the methylome accompany the aging process (Chen et al, 2016; Horvath et al, 
2013; Hannum et al, 2013) as well as disease states. Perhaps the best known 
link between the DNA methylome and disease can be found in the cancer 
epigenetics field. For example, global hypomethylation of benign and 
malignant colorectal cancer samples was observed in the 1980s (Goelz et al, 
1985; Feinberg and Vogelstein, 1983a). Concerning specific genes, 
hypomethylation of the c-Ha-ras and c-kit-ras oncogenes was observed in 
colorectal adenocarcinomas and a small cell lung carcinoma compared to 
normal adjacent tissues (Feinberg and Vogelstein 1983b). Hypermethylation of 
tumor suppressor, including p16/CDKN (Herman et al, 1995; Gonzalez-
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Zulueta et al, 1995; Merlo et al, 1995) and VHL (Herman et al, 1994). 
Though it remains unclear whether DNA methylation changes are 
causative or consequential of many diseases, other examples that link DNA 
methylation changes can be found in Table I.1. 
Table I.1. DNA methylation changes in prevalent diseases. The first five 
diseases listed are among the top ten causes of death worldwide (World 
Health Organization 2017). PBMCs, peripheral blood mononuclear cells.  
 
Disease Perturbance (Reference) 
Ischemic heart disease 
and stroke 
Genome wide methylome changes including many factors for 
angiogenesis and vascular remodeling (Zaina et al, 2014); 
LINE1 element hypomethylation (Baccarelli et al, 2010); MCT3 
hypermethylation (Zhu et al, 2005) 
Chronic obstructive 
pulmonary disease 
Aberrant methylation of immune and inflammatory response 
genes (Qiu et al, 2011; Vucic et al, 2014) 
Diabetes mellitus Whole methylome changes in diabetic pancreatic islets 
(Volkmar et al, 2012; Dayeh et al, 2014) and PBMCs (Toperoff 
et al, 2011) 
Alzheimer’s Disease Early changes in ANK1, BIN1, RHBDF2 methylation (De Jager 
et al, 2014); global, age-related changes in human brain 
(Coppieters et al, 2013) 
Male infertility Loss of imprinting in sperm (Hammoud et al, 2010; Kobayashi 
et al, 2007; Kobayashi et al, 2009); Global hypermethylation 
(Houshdaran et al, 2007) 
Asthma Hypermethylation of Th1 and Th2 cytokine genes (Brand et al, 
2012); hypomethylation of IL-4 and IFNgamma promoters 
(Kwon et al, 2008); Genetic-epigenetic interactions at IL4R 
(Soto-Ramirez et al, 2012) 
Obesity Differential methylation of CLOCK, PER2, BMAL1 (Milagro et 
al, 2012); differential methylation of obesity-associated genes 
following gastric bypass (Benton et al, 2015); differential 
methylation associated with weight loss response (Moleres et 
al, 2013)  
 
Following the association of methylation perturbation to neoplasia, 
hallmark experiments demonstrated the growth suppressive effects of 
5’azadeoxycytidine (5’azadC or decitabine), a nucleoside analog known to 
inhibit DNA methyltransferases or DNMTs (Santi et al, 1983). Other 
nucleoside inhibitors of DNA methylation include 5’fluro-2’-deoxycytidine and 
zebularine (Cheng et al, 2004), both currently in Phase I-III clinical trials 
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(clinicaltrials.gov). Non-nucleoside DNA methylation inhibitors include 
procainamide and derivatives as well as the turmeric-derived curcumin (Villar-
Garea et al, 2003; Liu et al, 2009); the discovery and development of 
therapeutic DNA methylation inhibitors remains an area of active research. 
The fact that DNMTs themselves do not recognize specific genetic 
sequences also limits the specificity of DNMT inhibitor therapy. However, DNA 
methylation in vivo is targeted to specific genomic sequences in a time- and 
cell-specific manner. How this is regulated is the central focus of this thesis.  
In Section I.A and I.B, the trans-acting factors required for the 
establishment, maintenance, and removal of DNA methylation, as well as 
effectors of histone modifications and chromatin remodeling, are discussed. 
Section I.C discusses the dynamic changes in methylation during early 
embryonic development. Section I.D expands on two classes of genes that are 
specifically targeted for methylation, imprinted genes and transposable 
elements, as well as the specialized mechanisms and factors known to target 
and maintain methylation at these loci. Finally, in Section IE, findings from 
Rasgrf1, a model system for the mechanisms underlying DNA methylation, are 
discussed.  
I.A.1 Establishing, removing, and maintaining epigenetic state 
In this section, the factors that establish and remove DNA methylation 
are discussed; namely, the DNA methyltransferases (DNMTs), the Ten-
Eleven-Translocation (TET), and Activation Induced Cytosine Demininase 
(AID)/Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 
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(APOBEC) enzymes. Enzymes required for histone modifications and 
chromatin state and how they interact with DNA methylation are also 
described. 
I.A.1.i Establishment of DNA methylation: the de novo DNA 
methyltransferases Dnmta, Dnmt3b, and Dnmt3c 
Dnmt3a and Dnmt3b, the canonical mammalian de novo DNA 
methyltransferases, are essential for de novo methylation genome-wide 
(Okano et al, 1999). Their roles in the establishment of DNA methylation at 
imprinted loci, however, are distinct. Imprinting and imprinted loci will be 
discussed at length in Section I.D. 
Dnmt3a null mice are normal at birth, but fail to thrive and die by post-
partum day 28 (p28). Offspring of germline-conditional Dnmt3a knockout 
females die in utero, displaying hypomethylation and loss of methylation at the 
maternally methylated Snrpn, Igf2r, and Peg1 DMRs. In comparison, germline-
conditional Dnmt3a knockout males are sterile, with hypomethylation of the 
DMRs for H19/IGF2 and Dlk1-Dio3 loci (Kaneda et al, 2004). 
Dnmt3b knockout animals are embryonic lethal by e11.5 displaying 
multiple developmental abnormalities. Mutations in Dnmt3b are associated 
with human Immunodeficiency, Centromeric instability, and Facial abnormality 
(ICF) syndrome, which includes a loss of pericentric DNA methylation (Hansen 
et al, 1999; Xu et al, 1999, Jin et al, 2007). Germline-conditional Dnmt3b 
knockouts have no overt phenotype. Investigation of paternally methylated 
DMRs in Dnmt3b-deficient prospermatogonia revealed minimal effects on 
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most paternal DMRs examined. A significant reduction in methylation is 
reported at the Rasgrf1 DMR, but is incomplete (roughly 75% methylated 
relative to wild type), and was only observed in some biological replicates 
(Kato et al, 2007). 
Dnmt3l, a germline-specific, non-catalytic isoform, increases the 
catalytic activities of both Dnmt3a and Dnmt3b approximately fifteen fold 
(Gowher et al, 2005). diverse roles in the female and male germlines. Dnmt3l 
knockout females are viable and fertile; however, pups from a Dnmt3l 
knockout female die in utero, displaying massive dysregulation of imprinted 
loci (Bourc’his et al, 2001). In comparison, Dnmt3l knockout males are viable, 
but are sterile, with a hypogonadism phenotype. Evaluation of Dnmt3l-deficient 
male germ cells reveal hypomethylation and reactivation of LTR and non-LTR 
class transposable elements (Bourc’his et al, 2004), mobile genetic elements 
that can insert themselves into other locations in the host genome (McClintock 
1950; discussed in Section I.C). Dnmt3l is thought to act downstream of the 
piRNA pathway, as piRNAs are still detectable in Dnmt3l null males (Aravin et 
al, 2008). The piRNA pathway will be discussed in the following section. 
The recently discovered Dnmt3c isoform is male germline-specific and 
is thought target certain classes of evolutionarily young transposable 
elements. Whole genome bisulfite sequencing (WGBS) of Dnmt3c knockout 
animals revealed a minimal change in whole genome methylation; however, 
significantly hypomethylated regions consistently overlapped with annotated 
LINEs and ERV elements (Barau et al, 2016; Jain et al, 2017). 
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Perhaps of greatest relevance to this thesis, WGBS revealed that the 
Rasgrf1 DMR was consistently hypomethylated in Dnmt3c knockouts. This is 
consistent with prior reports that knockout of neither Dnmt3a nor Dnmt3b were 
sufficient to ablate methylation at the Rasgrf1 DMR. As will be discussed in 
later sections and chapters, how Dnmt3c is targeted to Rasgrf1 likely involves 
other known mechanisms at play at Rasgrf1 including the piRNA pathway, 
specific histone marks, or proteins recruited by specific chromatin topologies. 
I.A.1.ii Maintenance of DNA methylation: Dnmt1 and isoforms 
The ubiquitous Dnmt1 binds and methylates hemimethylated DNA, 
which typically arises after replication of methylated DNA (Bestor 1992). 
Dnmt1 requires UHRF1 to recognize and bind hemimethylated DNA (Bostick 
et al, 2007; Sharif et al, 2007; Fang et al, 2016), then methylates the opposing 
unmethylated strand (Bashtrykov et al, 2012).  As such, Dnmt1 is 
indispensable for the maintenance of methylation during DNA replication. 
Dnmt1 null animals are embryonic lethal by e10.5, with multiple developmental 
abnormalities and genome-wide hypomethylation (Li et al, 1992).  
Mouse oocytes and preimplantation embryos lack full length Dnmt1, but 
express a truncated isoform, Dnmt1o. Dnmt1o is largely sequestered in the 
ooplasm, but is rapidly trafficked to the nucleus during the oocyte growth 
phase, where maternal imprints are established, and during the eight-cell 
stage of embryogenesis. While Dnmt1o knockout animals are viable and 
fertile; their oocytes exhibit appropriate maternal genomic imprinting. However, 
embryos arising from these oocytes display morphological abnormalities, 
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defective genomic imprinting, and placental defects, often dying in the third 
trimester (Cirio et al, 2008; Howell et al, 2001; McGraw et al, 2013). 
Methylation analysis of Dnmt1o null oocytes indicate that maternal imprints are 
appropriately established; however, imprinted methylation is lost 
postzygotically (Howell et al, 2001). 
An additional isoform, Dnmt1p, is expressed only in pachytene 
spermatocytes, but is not thought to produce a catalytically active protein (Ko 
et al, 2005). Its function, if any, is unknown. 
Many proteins are known to bind methylated DNA and aid in the 
maintenance of a repressive chromatin state. The methyl-CpG binding protein 
(MBD) family composes six known family members, with MeCP2 being the 
first characterized family member (Meehan et al, 1989; Lewis et al, 1992). 
MeCP2 maintains a transcriptionally repressed chromatin state through 
association with repressive histone complexes (Nan et al, 1998; Jones et al, 
1998); mutations in MeCP2 have been associated with the neurologic 
condition Rett Syndrome (Amir et al, 1999). MBD2 and MBD3 also co-purify 
with the Nucleosome Remodeling and histone Deacetylation (NuRD) complex 
(Zhang et al, 1999), a chromatin remodeling complex that aids in maintaining 
transcriptional repression (dicussed in Section I.B). 
I.A.1.iii Active and passive mechanisms for DNA demethylation  
As will be described in Section I.C, methylation of the embryonic 
genome is rapidly removed post-fertilization. Demethylation of the embryonic 
genome could feasibly be achieved via two mechanisms: First, through active 
 8 
replacement of 5mC or derivatives with an unmodified cytosine, known as 
active demethylation, and second, through failure to maintain 5mC marks 
through DNA replication (also known as passive or replication-coupled 
demethylation).  
Passive DNA Demethylation: Passive DNA methylation involves the 
absence or inhibition of Dnmt1 activity, which is thought to occur by a variety 
of mechanisms. In pre-implantation embryos, Dnmt1 is largely restricted to the 
cytoplasm (Ratnam et al, 2002), which likely assists in the gradual dilution of 
5mC in the embryo proper. UHRF1 also binds 5hmC at 10% the efficiency of 
5mC and DNMT1 activity is reduced at sites of 5hmC compared to 5mC 
(Hashimoto et al, 2012) and is downregulated in PGCs (Kagiwada et al, 2012). 
Active DNA Demethylation: In mammals, no double-stranded DNA 
demethylases are characterized. Rather, two mechanisms for active DNA 
demethylation have been described. First, oxidation of the methylated cytosine 
(5mC) by the TET enzymes followed by base excision repair, and second, 
cytosine deamination by the AID/APOBEC proteins followed by base excision 
repair. 
The TET proteins oxidize 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hmC), 5-formycytosine (5fC), and 5-carboxylcytosine 
(5caC) (Ito et al, 2011). Three proteins compose the TET family, TET1, TET2, 
and TET3. TET3 is expressed at its highest levels in the zygote and is 
required for demethylation of the paternal pronucleus (Gu et al, 2011, 
Wossidlo et al, 2011). TET1 is highly expressed in the preimplantation 
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embryo, and is required for demethylation of imprinted loci in the embryonic 
germline (Yamaguchi et al, 2012; Yamaguchi et al, 2013). Depletion of TET1 
in ES cells skews the developmental potential of preimplantation embryos and 
ES cells (Ito et al, 2010; Koh et al, 2011). Oxidized derivatives of 5mC are 
targets by the base-excision repair pathway (Tahiliani et al, 2009; reviewed in 
Pastor et al, 2013); namely, the enzyme Thymidine Glycosylase (TDG) 
recognizes and excises 5fC and 5caC (reviewed in Kohli and Zhang, 2013). 
TDG knockout or inhibition lead to an embryonic lethal phenotype with multiple 
developmental abnormalities; methylation analysis revealed hypermethylation 
at CpG islands (Cortellino et al, 2011). 
An additional role for the TET enzymes was recently characterized with 
the discovery of a somatically expressed TET1 isoform, TET1s. TET1s is 
preferentially expressed in adult somatic cells compared to the full length 
TET1e isoform, which as previously stated is expressed in embryonic stem 
cells and primordial germ cells. Tet1s displays a significantly reduced global 
chromatin binding profile compared to Tet1e, and is insufficient to erase 
imprints in PGCs (Zhang et al, 2016). Preferential expression of Tet1s in the 
soma likely also contributes to somatic maintenance of DNA methylation, as a 
reduced inclination to oxidize 5mC to the excisable 5hmC and other 
derivatives would in theory increase the likelihood of existing 5mC. Other 
maintenance mechanisms for DNA methylation were discussed in Section 
I.A.1.ii. 
The Activation-induced cytosine deaminase (AID)/APOBEC enzymes 
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were discovered prior to the TET enzymes, and catalyze the deamination of 
cytidine to uridine. This was first shown to be coupled to genomic 
demethylation in zebrafish (Rai et al, 2008). AID is implicated in somatic 
mechanisms including antibody diversification (Murumatsu et al, 1999; 
Murumatsu et al, 2000) and cancer metastasis (Munoz et al, 2013). 
AID/APOBECs have significantly less affinity for 5mC compared to unmodified 
cytosine (Nabel et al, 2012) and deaminates 5mC at a faster rate than 5hmC, 
5fC, and 5caC, which could argue against a significant role for AID/APOBEC 
in active demethylation. Nevertheless, AID-deficient PGCs are 
hypermethylated three-fold over wild type (Popp et al, 2010), and 
reprogramming of somatic cells for induced pluripotent stem cells requires AID 
(Bhutani et al, 2009); as such, AID activity could certainly contribute to 
demethylation of the early embryo and the germline. 
I.B Epigenetic regulations beyond DNA methylation 
While DNA methylation is the focus of this thesis, this epigenetic 
modification is inextricably intertwined with other forms of epigenetic 
regulation. As such, a discussion of known histone modifications, chromatin 
remodeling complexes, and chromatin architecture is warranted. Where 
possible, known interactions with DNA methylation are included. 
I.B.1 Histone modifications and effectors 
Histones represent a family of proteins around which DNA is wrapped 
for packaging into a basic unit, the nucleosome, in nearly all cells with the 
exception of male germ cells, which exchange nucleosomes for protamines 
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late in spermiogenesis (reviewed in Balhorn, 2007). The canonical 
nucleosome is composed of DNA wrapped around a histone octamer 
containing two each of Histone H3, Histone H4, Histone H2A, and Histone 
H2B; as DNA exits the nucleosome, it is stabilized by Histone H1 (reviewed in 
Cutter and Hayes, 2015). Post-translational modification of histone tails can 
modify transcriptional activity of local chromatin, composing a “Histone Code” 
(Strahl and Allis, 2000; Jenuwein and Allis, 2001). While hundreds of histone 
modifications exist, among them phosphorylation, ubiquitination, ribosylation, 
acetylation, and methylation, the latter two have been best characterized by 
researchers will be focused on here. 
I.B.1.i Histone modifications marking active transcription 
H3K4me3, deposited by the SET and MLL enzymes, is a canonical 
histone marker connoting active promoters. SET2-mediated deposition of 
H3K36Me2 and 3 marks active gene bodies (Bannister et al, 2005; Edmunds 
et al, 2008). DOT1L is the only known H3K79 methyltranferase (Steger et al, 
2008); H3K79 methylation associates with active transcription and elongation 
of gene bodies (Steger et al, 2008, Wang et al, 2008; Kouskouti et al, 2005), 
though other data point to the requirement for DOT1L for the appropriate 
formation of heterochromatin (Jones et al, 2008). 
An opposing affinity for DNA methylation and activating histone marks 
has been characterized: For example, Dnmt3L has increased binding affinity 
for unmethylated H3K4 residues (Ooi et al, 2007). Loss of the H3K4 
demethylase KDM1 leads to loss of maternal imprinting in oocytes (Ciccone et 
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al, 2009); KDM1-null embryonic stem cells display a progressive loss of 
methylation due to reduced Dnmt1 stability (Wang et al, 2008). 
I.B.1.ii Histone modifications marking heterochromatin 
Heterochromatin is distinct from euchromatin in its degree of chromatin 
compaction, first evidenced by increased intensity of staining by DNA binding 
dyes (Arrighi and Hsu, 1971), and reduced transcriptional activity (Milot et al, 
1996). Constitutive heterochromatin, which remain condensed throughout the 
cell cycle and development, is enriched for H3K9Me2 and 3 (Peters et al, 
2002) deposited by the histone methyltransferases G9a, Suv39H1/2, SETDB1 
(Tachibana et al, 2002; Rea et al, 2000; Schultz et al, 2002). Spreading of the 
repressive H3K9Me2 and 3 is mediated by Heterochromatin Protein 1 (HP1), a 
structural component of heterochromatin (James and Elgin, 1986; Bannister et 
al, 2001). HP1 recognizes H3K9Me2/3 and recruits SUV39H1, which deposits 
more H3K9Me2/3 in a positive feedback loop (Lachner et al, 2001). 
H4K20Me3, deposited by Suv4-20H, is also associated with constitutive 
heterochromatin and is spread by HP1 binding (Schotta et al, 2004; Kourmouli 
et al, 2004; Schotta et al, 2008).  
Several links between repressive histone marks and DNA methylation 
are characterized. UHRF1, the cofactor of DNMT1, recognizes and binds 
H3K9Me3 (Liu et al, 2013), acting as a link between H3K9Me3 and 
maintenance of DNA methylation. In addition, DNMT3a associates with G9a 
via MPP8 (Chang et al, 2011). 
H3K27Me3 is typical marker of constitutive heterochromatin; 
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established by the EZH1 or EZH2 component of the PRC2 complex 
(Kuzmichev et al, 2002). PRC2 is also thought to exclude DNMT activity; 
H3K27Me distribution is impacted by local DNA methylation in Arabidopsis, 
mouse embryonic stem cells (Hagarman et al, 2013), embryonic fibroblasts 
(Reddington et al, 2013; Lindroth et al, 2008), and neural stem cells (Wu et al, 
2010). 
I.B.1.iii Histone modifications marking enhancers 
Two main histone modifications mark enhancers. Mono or di-
methylation of H3K4 (H3K4me1/2), deposited by the histone 
methyltransferases MLL3 and 4, is a general marker for enhancers 
(Heintzman et al, 2009; Visel et al, 2009), whereas H3K27Ac is thought to 
specifically mark active enhancers (Creyghton et al, 2010). 
I.B.1.iv Histone mark cooperation, antagonism, and bivalency 
It is also important to note that while histone modifications are 
discussed as separate entities (and indeed they are separate modifications), 
they often co-occur and cooperate functionally. For example, recent data also 
demonstrate a cooperative relationship between PRC2, H3K9Me2/3 and 
H3K27Me3 to maintain HP1 at sites of heterochromatin (Boros et al, 2014). 
Conversely, H3K4Me3 impairs H3K9Me, which helps to maintain a 
euchromatic state (Binda et al, 2010). 
Genes involved in differentiation and lineage control are often bivalently 
marked for H3K27Me3 and H3K4Me in embryonic stem cells (Azuara et al, 
2006; Bernstein et al, 2006) and zebrafish blastomeres (Vastenhouw et al, 
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2010). Bivalently marked chromatin domains can further be separated by 
occupancy by PRC2 with or without co-occupancy by PRC1; PRC1-co-
occupied domains are more enriched for promoters of developmental 
regulating genes (Ku et al, 2008). Other data support histone residue 
monomethylation as a mark for maintaining some degree of activation 
potential—for example, the enhancers of genes involved in differentiation are 
marked with the monomethylation of H3K4, H3K9 and H3K27.  Other genes 
marked with H3K27Me3 prior to differentiation rapidly gain H3K4Me1, 
H3K49Me1, and K4K20Me1 upon differentiation (Cui et al, 2008). 
I.B.1.v Removal of histone marks 
Enzymes that catalyze the removal of histone modifications, notably the 
histone deacetylases (HDACs) and histone demethylases, have been 
extensively reviewed by others (Upadhyay and Cheng, 2010; Klose and 
Zhang, 2007; Haberland et al, 2009) and is not the focus of this review. Of 
note, however, is the interaction of DNA methylation with histone mark 
erasers, most commonly erasers of activating histone marks. Methylated DNA 
and bound MeCP2 recruits histone deacetylase 1 or HDAC1 (Nan et al, 1998; 
Jones et al, 1998) as does Dnmt1 itself (Fuks et al, 2001).  
I.B.2 Chromatin remodeling complexes 
ATP-dependent chromatin remodeling complexes (CRCs) utilize energy 
to disrupt or reposition nucleosomes, thereby affecting numerous cellular 
processes including transcription, chromatin structure, and DNA repair 
(reviewed in Smith and Peterson, 2004 and Clapier et al, 2017). While CRCs 
 15 
vary widely in size and composition, all contain an ATPase subunit, by which 
they are divided into the subfamilies SWI/SNF, ISWI, Mi2, and INO80; general 
biological functions of these subfamilies also appear to differ. The SWI/SNF 
subfamily are thought to function as positive regulators of transcription via 
nucleosome repositioning, ejection, or histone dimer eviction; further, 
SWI/SNF binding at promoters seems to directly influence DNA methylation 
loss (Banine et al, 2005). In comparison, the Mi-2 subfamily of CRCs, which 
includes the NuRD complex, typically act as transcriptional repressors. Most 
Mi-2 complexes contain a histone deacetylase (Kehle et al, 1998; Xue et al, 
1998; Zhang et al, 1998, Reynolds et al, 2012) and some, as previously 
stated, associate with methyl binding proteins (Wade et al, 1999). The ISWI 
subfamily of CRCs primarily mediates nucleosome assembly and spacing 
(Clapier et al, 2001; Langst et al, 1999). Finally, the INO80 family is thought to 
function primarily in nucleosome editing by which it can affect transcription as 
well as DNA repair and replication (Papamichos-Chronakis et al, 2010). 
I.B.3 Spatial organization of the genome: Chromatin domains 
I.B.3.i Topologically Associated Domains (TADs) 
Interphase chromatin has long been known to occupy the nucleus in a 
nonrandom pattern (Stack et al, 1977; Kurz et al, 1996; Croft et al, 1999; Sun 
et al, 2000; Bolzer et al, 2005), with a postulated effect on coordinated gene 
expression (Spilianakis et al, 2005). Recent advances have made possible the 
evaluation of genome-wide long range chromatin interactions and 
transcriptional synchronization of topologically associated domains, or TADs 
 16 
(Lieberman-Aiden et al, 2009; Dixon et al, 2012; Rao et al, 2014). TADs form 
distinct units that are functionally synced, sharing similar transcriptional activity 
(Hou et al, 2012; Sexton et al, 2012) and replication timing (Ryba et al, 2010; 
Pope et al, 2015). TAD interactions change upon differentiation of embryonic 
stem cells, allowing for widespread changes in transcriptional programming 
(Dixon et al, 2015); changing TAD interactions have also been implicated in 
driving enhancer switching at the Hox loci during mouse development (Andrey 
et al, 2013, Noordermeer et al, 2014) and have been used to predict genomic 
regions associated with disease states (Javierre et al, 2016). Targeted 
disruption of TADs via CRISPR/Cas9 mediated inversion of TAD sequence, or 
disruption of TAD partitioning elements such as CTCF binding sites (described 
below) lead to inappropriate enhancer-promoter interactions and clear effects 
on phenotype (Lupianez et al, 2015). 
I.B.3.ii TAD partitioning: CTCF and cohesin 
How TADs are partitioned, maintained, and reorganized has been an 
area of active study. Inter-TAD DNA is enriched for ubiquitous “house-
keeping” genes as well as the proteins CTCF and cohesin (Dixon et al, 2012). 
CCCTC-binding factor, or CTCF, was originally identified in 
heterologous reporter assays as a transcription factor that could both activate 
and repress gene expression (Baniahmad et al, 1990; Lobanenkov et al, 
1990). CTCF occupancy of DNA is methylation-sensitive (Rodriguez et al, 
2010; Lai et al, 2010; Chang et al, 2010; Wang et al, 2012); CTCF also helps 
to maintain its binding sites in an unmethylated state by forming a complex 
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with DNMT1 and poly(ADP-ribose) polymerase 1, which then inactivates 
DNMT1 (Zampieri et al, 2012). In addition to its role as an insulator protein that 
can disrupt enhancer-promoter interactions (Bell et al, 1999; Varma et al, 
2015), CTCF also acts as a mediator of chromatin looping: CRISPR/Cas9-
mediated inversion of CTCF sites reconfigures chromatin looping and impacts 
transcription patterns (Guo et al, 2015; de Wit et al, 2015). CTCF also acts a 
boundary element delineating TADs. Deletion of CTCF sites within the X 
inactivation center leads to increased interactions between separate TADs 
(Nora et al, 2012). Finally, CTCF can contribute to chromatin anchoring, as 
with the inactive X in concert with the lncRNA Firre (Yang et al, 2015). 
CTCF is thought to act in concert with the multiprotein complex cohesin, 
a ring-shaped multiprotein complex originally described as a protein that 
prevents premature separation of sister chromatids during mitosis and meiosis 
(Michaelis et al, 1997). Depletion of both CTCF and cohesin leads to loss of 
TAD looping (Nora et al, 2017 and Schwarzer et al, 2016 respectively) though 
different effects on domain structure and interactions occur with loss of either 
protein suggesting differential activities (Zuin et al, 2013). Many lines of 
evidence support a cooperative relationship between CTCF and cohesin. 
ChIP-Chip experiments demonstrated a correlation of cohesin components to 
CTCF binding sites (Rubio et al, 2008), suggesting chromatin co-occupancy; 
these results were confirmed genome-wide via ChIP-Seq for both proteins, 
which show a significant overlap in peaks (Hansen et al, 2017). Co-
immunoprecipitation of CTCF and cohesin subunits Rad21, Smc1, and Smc3 
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revealed a physical interaction between the two (Hansen et al, 2017). A series 
of cell knockouts for CTCF and cohesin’s known interactor Wapl (Tedeschi et 
al, 2013) indicate that cohesin position on chromatin is dependent on CTCF 
and Wapl as well as local transcription (Busslinger et al, 2017). 
I.C Dynamics of epigenetic reprogramming during embryogenesis 
The embryonic epigenome changes dramatically between fertilization 
and implantation, as will be described in this Section and depicted in Fig I.1. 
Especial attention is paid to the embryonic methylome; however, histone 
modifications and other changes are also discussed.  
Upon fertilization at embryonic day 0 (e0), the male and female 
pronuclei undergo massive epigenetic reprogramming that is asynchronous 
between the male and female pronuclei. The male pronucleus loses 
methylation within six to eight hours post-fertilization. Loss of methylation in 
the female pronucleus occurs over a number of cell divisions, reaching 
completion by e3.5 (Oswald et al, 2000; Mayer et al, 2000). Previously thought 
to be exclusively the result of active and passive demethylation mechanisms 
respectively, recent work has revealed that the male and female pronuclei 
both undergo some degree of active and passive demethylation (Wang et al 
2014; Guo et al, 2014). Stella prevents TET3-mediated demethylation of the 
maternal genome and paternally imprinted loci through binding of H3K9Me2—
as such, these remain methylated in a parent-of-origin specific manner in the 
soma throughout development, though they will later be demethylated in the 
embryonic germline (discussed in the next paragraph). Certain classes of 
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transposable elements, namely intracisternal A particles (IAPs), a highly active 
class of retrotransposon (Dewannieux et al, 2004), also resist demethylation in 
this initial wave of demethylation. 
The active histone mark H3K4Me3 is depleted in the early zygote, 
accruing rapidly by the two-cell stage (e1.5), accompanying the major wave of 
zygotic genome activation (ZGA). Interestingly, oocytes and the maternal 
pronucleus carry a noncanonical version of H3K4Me3 which is only replaced 
by the canonical version by the late two-cell stage (Zheng et al, 2016). In 
comparison, the repressive histone mark H3K27Me3 marks transcriptionally 
silent and hypomethylated regions of chromatin in oocytes; upon fertilization, 
H3K27Me3 is globally lost from the paternal pronucleus and developmental 
genes in the maternal pronucleus, but persists at other regions, leading to an 
asymmetric distribution of H3K27Me3 that is corrected by the late two-cell 
stage, leading to the classic bivalent histone mark of H3K4Me, H3K27Me3 of 
developmental genes in the early embryo (Liu et al, 2016). 
Chromatin accessibility also mirrors transcriptional activation of the 
zygotic genome. At the time of ZGA, at roughly e3, the chromatin of the 
maternal and paternal pronuclei, though asymmetrically methylated, are 
substantially more permissive as measured by ATAC-Seq (Wu et al, 2016), 
presumably due to the requirement of pluripotency. As such, cells of the eight- 
and sixteen-cell morula, and the early 32-cell blastocyst, inherit a 
hypomethylated, genetically accessible genome; early pluripotent genomes 
are also marked with H3KMe (Torres-Padilla et al, 2007). Throughout early 
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cleavage stages, imprinted loci are bound by ZFP57 and Trim28 to resist Tet3-
mediated demethylation; methylation is maintained across cell divisions by 
Dnmt1. 
By the late blastocyst stage (e3.5), the maternal pronucleus is 
hypomethylated (Smallwood et al, 2011) and de novo methylation is initiated. 
From the blastocyst to the epiblast stage, DNA methylation is targeted to the 
promoters of lineage specific genes (Borgel et al, 2010) and is accompanied 
by dynamic changes in histone mark distribution in lineage-specific patterns 
(Rugg-Gunn et al, 2010). By implantation at mouse embryonic day 4.5, the 
nascent embryonic genome is fully remethylated.  
Specification of primordial germ cells (PGCs) occurs at roughly day e6.5 
in the proximal epiblast, where they can easily be identified by robust 
expression of alkaline phosphatase (MacGregor et al, 1995). At e7.5, PGCs 
migrate briefly to the endoderm; by e8.5 they migrate towards the genital ridge 
by way of the hindgut endoderm and mesentery. Once arrived, roughly at 
e10.5, PGCs expand rapidly, and undergo a global wave of demethylation of 
virtually all methylation marks, including imprinted loci and some classes of 
transposable elements. Demethylation occurs via both passive (Ohno et al, 
2013) and TET1, TET2, and TET3-mediated active (Peat et al, 2014; Hackett 
et al, 2013) processes; notably, certain classes of transposable elements, 
namely IAPs and ERV-K elements, as well as certain single copy genes, resist 
demethylation in the PGC as well (Seisenberger et al, 2012). Following 
complete demethylation by e13.5, de novo methylation of paternal imprints 
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occurs in the mitotically arrested gonocytes starting at e14.5, with some 
variation in the exact timing of establishment amongst paternal DMRs (Ueda 
et al, 2000, Davis et al, 2002, Hiura et al, 2010; Fig I.1). In females, 
reestablishment of maternal imprints occurs after birth in developing oocytes, 
between p5 and p20 (Li et al, 2004, Lucifero et al, 2004, Hiura et al, 2006).  
 
Fig I.1. Timing of and trans-acting factors for epigenetic reprogramming 
during embryogenesis and germ cell development. Adapted from 
Tomizawa and Sasaki 2012. Timing and involvement of factors described in 
the previous section from fertilization (e0) to birth. Outset: Establishment of 
paternally imprinted loci begins asynchronously at different imprinted loci; 
methylation is thought to be complete by birth. *denote factors specifically 
involved in transposable element methylation. Maternal imprints are 
established in growing oocytes after birth. SSC: Spermatogonial stem cell; 
PGC: primordial germ cell; p: postnatal day; e: embryonic day. 
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I.D Models for the study of DNA methylation mechanisms: Imprinted 
loci and transposable elements  
Two classes of genes have proven especially utile in elucidating the 
mechanisms by which DNA is targeted to specific genomic regions. As 
previously stated, while the majority of the genome undergoes epigenetic 
reprogramming immediately post-fertilization, some classes of genes resist 
this first wave of demethylation and instead remain methylated in germline 
patterns throughout early embryogenesis. Imprinted loci, therefore, retain 
methylation in a parent-of-origin specific manner. These are subjected to 
demethylation and remethylation in the embryonic germline, allowing for sex-
specific reprogramming. 
I.D.1 Imprinted loci 
Diploid organisms harbor two complete copies of their genome: One 
inherited from the mother, and one inherited from the father. While the vast 
majority of genes express biallelically, from both the maternal and paternal 
alleles, a small subset of genes express monoallelically in a parent-of-origin 
specific manner. These are referred to as imprinted genes. First coined to 
describe parent-of-origin-dependent differences in chromosome behavior 
during embryogenesis and meiosis of Sciara species (Crouse 1960), the 
existence of imprinted genes was first hypothesized as the reason for the 
inviability of embryos derived from two male or two female pronuclei (McGrath 
and Solter 1984; Surani et al, 1984). The case for imprinted genes was 
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furthered by a series of translocation experiments which pinpointed certain 
chromosomal regions that differed based on maternal or paternal origin 
(Cattanach 1986). In this century, viable bimaternal embryos have been 
generated by using nuclei that each carried a mutation at two different 
imprinted loci (Kono et al, 2004; Kawahara et al, 2007). 
To some extent, the results of early transplantation experiments would 
also predict the failure of embryos derived from somatic cell nuclear 
transplantation. To date, somatic cell nuclear transfer (SCNT) has also been 
successfully performed for a number of domestic species and is performed 
somewhat regularly in some production animal species (Campbell et al, 1996; 
Lee et al, 2005; Baguisi et al, 1999; Kato et al, 1998; Galli et al, 2003; Woods 
et al, 2003; Shin et al, 2002). However, the low success rate and common 
developmental and placental abnormalities associated with SCNT have also 
been attributed in part to incomplete epigenetic reprogramming, including at 
imprinted loci (Blelloch et al, 2004; Beaujean et al, 2004; Zhang et al, 2004; 
Chen et al, 2014). 
Though many hypotheses for the evolution of imprinted loci exist 
(reviewed in Wilkins and Haig 2003; Spencer and Clark 2014), perhaps the 
best known is the kinship theory or “conflict hypothesis,” which assumes an 
intrinsic evolutionary conflict between the sexes. Simply put, in species where 
postzygotic care of the fetus falls predominantly on the mother, a conflict 
arises between use of maternal resources and the growth of the fetus (which 
serves to perpetuate of both maternal and paternal genetic material to the next 
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generation). While the mother optimizes her survival and perpetuation of 
genetic material through conservation of resources for herself and all of her 
offspring, the greatest benefit to the father is to optimize the growth and 
survival of his offspring. This is especially plausible in species where multiple 
paternity litters are common, or in species where females might be raising 
offspring from a previous mating while pregnant. Under these expectations, 
imprinted genes that promote fetal growth would be maternally silent, whereas 
imprinted genes that inhibit fetal growth would be paternally silent. 
Compellingly, the vast majority of imprinted genes play important roles for 
body growth and metabolism, with maternally imprinted genes restricting body 
growth, and paternally imprinted genes encouraging growth (Smith et al, 
2006). Further, all known imprinting disorders have dramatic impacts on body 
growth and metabolism (Table I.2). Finally, in animal hybrids, directionality of 
cross greatly affects offspring phenotype. Hybrid offspring are often much 
larger or smaller than either parental species with other distinct differences in 
appearances and behavior (Troyer 2006, McKinnell and Wessel 2012). 
I.D.1.i.1 Features of imprinted loci 
While the hallmark feature of all imprinted genes is monoallelic, parent-
of-origin-specific gene expression, it should be noted that monoallelic 
expression is often tissue- and developmental stage-specific, achieved by 
tissue-specific DMRs (Song et al, 2004) and tissue-specific histone marks and 
chromatin structure (reviewed extensively in Prickett and Oakey 2012). 
However, generally speaking, methylated DMRs are transcriptionally 
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repressed and carry repressive histone marks such as H3K9me3, H3K27Me2, 
and H4K20me2, whereas their unmethylated homologues are transcriptionally 
active and are marked by H3K4me3 and H3/H4 acetylation (Dindot et al, 2009; 
Kacem and Feil 2009). One notable exception to this involves the Rasgrf1 
locus, where the paternal allele is both expressed and methylated. At Rasgrf1, 
DNA methylation antagonizes the deposition of H3K27Me3 on the paternal 
allele; H3K27Me3 accrues instead on the maternal allele (Lindroth et al, 2008).  
Imprinted genes are generally located in 1 Mb-long clusters throughout 
the genome. While all genes in a cluster are typically imprinted, not all are 
imprinted from the same parental allele. 
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Table I.2. Disorders of imprinting in human and mouse. Affected genomic locus, perturbed gene, relevant 
phenotypes, and primary literature are included.  ✋and 🐁 precede human and mouse chromosomal locations. 
Disorder Name Imprinted 
locus  
Gene perturbation Relevant phenotypes Citations 
Prader-Willi 
Syndrome 
✋15q11-13  
🐁 7B5 
 
Snrpn, paternal 
repression 
Neonatal hypotonia, gonadal hypoplasia, 
dysphagia; Adult hyperphagia and obesity 
Buiting et al, 1997; Yang et 
al, 1998 
Angelman 
Syndrome 
✋15q11-13  
🐁 7C 
Ube3a, maternal 
repression 
Mental retardation, aphasia, ataxia Meng et al, 2014 
Beckwith-
Wiedemann 
Syndrome 
✋11p15 
🐁7F5 
 
IC1, maternal repression 
of Cdkn1c; IC2, maternal 
derepression of Igf2) 
Macrosomia, macroglossia, embryonal-
origin cancers, and other abnormalities 
Algar et al, 2000; Andrews 
et al, 2007; Tunster et al, 
2011 
Silver-Russell 
Syndrome 
✋11p15 
🐁7F5 
Hypomethylation of 
ICR1, repression of Igf2 
Pre- and postnatal growth retardation Monk et al, 2002; Gicquel et 
al, 2005 
Temple Syndrome ✋14q32 
🐁12F1 
Repression of Dlk1 and 
Rtl1 
Low birthweight, short stature, hypotonia, 
early puberty 
Kagami et al, 2008 
Ioannides et al, 2014 
Paternal UPD14 
Syndrome 
✋ 14q32 
🐁12F1 
Depression of Rtl1  Placentomegaly, mental retardation, 
skeletal abnormalities 
Kurosawa et al, 2004 
Pseudohyperparathy
roidism 1b 
✋20q 
🐁2H4 
Gnas1 loss of function Hyperparathyroid hormone resistance 
(maternal only); calcium phosphate 
imbalances 
Juppner et al, 1998; Bastepe 
2008; Lemos and Thakker 
2015 
Transient neonatal 
diabetes mellitus 
✋6q24 
🐁10A2 
Derepression of Hyma1 
and Zac 
Growth retardation, increased chance of 
Type II diabetes in adulthood 
Gardner et al, 2000; Arima 
et al, 2001; Mackay et al, 
2002 
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I.D.1.i.2 Regulation of imprinted loci 
Imprinted expression is dictated by DNA methylation at differentially 
methylated regions (Li et al, 1993). Differentially methylated regions (DMRs) 
comprise CpG-rich stretches of DNA, in the case of imprinted genes, vary in 
methylation between the maternal and paternal allele. In quick succession, 
DMRs were identified at two well-known imprinted genes, Igf2r (Stoger et al, 
1993; Wutz et al, 1997) and H19 (Ferguson-Smith et al, 1993). Others have 
subsequently been identified at nearly every gene (reviewed in Bartolomei and 
Ferguson-Smith 2011). Indeed, DMRs have been used for the discovery of 
novel imprinted genes in mouse and human tissues (Smith et al, 2003; Stelzer 
et al, 2013; Yuen et al, 2011). Another common approach has been the use of 
RNASeq for transcriptome profiling of polymorphic strains to identify 
monoallelically expressed genes (Wang et al, 2008; Wang et al, 2011). Other 
methods of imprinting regulation are non-mutually exclusive to differential 
methylation; first, binding of the insulating factor CTCF; and second, lncRNA-
mediated mechanisms. Described in Section IB, CTCF has been 
demonstrated to regulated expression at the H19/Igf2 locus, binding the 
maternal Imprinting Control Region (ICR) of H19/Igf2 and preventing Igf2 from 
accessing upstream enhancers (Bell et al, 2000). At Rasgrf1, binding of CTCF 
to the maternal, unmethylated DMR prevents the ability of an upstream 
enhancer to promote Rasgrf1 expression; methylation of the paternal DMR 
precludes CTCF binding, permitting Rasgrf1 expression from the paternal 
allele (Yoon et al, 2005). 
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In addition, lncRNAs have been characterized at nearly every imprinted 
locus and are expressed antisense to imprinted genes. lncRNA expression is 
thought to augment gene expression in cis and sometimes in trans through a 
number of mechanisms, which are discussed in Chapter IV. 
I.D.1.i.3 Directing DNA methylation to DMRs: The discovery of cis-elements 
Much effort has been put into defining sequences and states that could 
direct DNA methylation to DMRs. Targeted and genome-wide computational 
approaches have delineated some sequence features of DMRs. For example, 
transposable element composition of flanking regions, notably long repetitive 
elements, has been proposed to be a hallmark feature of imprinted loci (Walter 
et al, 2006). Indeed, the flanking regions of imprinted loci are relatively devoid 
of SINEs and CpG islands (Greally 2012, Ke et al, 2002) but are enriched for 
LINEs (Allen et al, 2003, Luedi et al, 2006). 
Others have sought to identify specific cis-elements that might “flag” 
DMRs for methylation, with varying success. Nevertheless, most of the cis-
acting elements that have been identified have utilized imprinted loci. For 
example, a series of transgenic constructs at the Snrpn locus identified 5 cis-
elements required for DNA methylation (Kantor et al, 2004). At the Gnas locus, 
truncations or microdeletions of the distal portion of the Nesp gene led to loss 
of methylation at the Gnas ICR (Chotalia et al, 2008; Frohlich et al, 2010). A 
negative-effect cis-element was discovered at H19 that requires CTCF binding 
for maternal repression of the Igf2 (Thorvaldsen et al, 1998; Schoenherr et al, 
2003; Pant et al, 2003, Pant et al, 2004; Fedoriw et al, 2004). Finally, a series 
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of GC-rich tandem repeats are required for methylation at the Rasgrf1 DMR 
(Yoon et al, 2001). 
I.D.1.ii Resisting demethylation: Imprinted loci 
 
Methylation patterns at imprinted loci are retained through the first wave 
of demethylation in the preimplantation embryo. As such, imprinted loci remain 
differentially methylated in a parent-of-origin specific manner in the soma.  
The proteins Stella, Zfp57 and its cofactor Trim28 protect imprinted loci 
from demethylation. Stella or PGC7 is a maternal effect germ-cell specific 
protein essential for early development (Sato et al, 2002; Payer et al, 2003). 
Stella protects maternal and paternal imprints from the conversion of 5mC to 
5hmC (Nakamura et al, 2007) through the binding of heterochromatic histone 
mark H3K9Me2 (Nakamura et al, 2012) in the maternal and paternal pronuclei. 
Similarly, the maternal effect protein Zfp57 is necessary for the 
maintenance of both maternal and paternal imprints. A KRAB-domain zinc 
finger protein (ZFP), Zfp57 directly recognizes methylated CpGs (Quenneville 
et al, 2011). Zfp57 null animals are embryonic lethal, while loss of zygotic 
Zfp57 only causes incompletely penetrant neonatal lethality (Li et al, 2008). 
KRAB-domain ZFPs are thought to effect chromatin changes largely 
through their cofactor Trim28 (also known as KAP1), first identified as a 
KRAB-ZFP interacting partner by several independent groups, as a known 
interactor recruitor of histone modifiers and nucleosome remodeling 
complexes (reviewed in Iyengar and Farnham 2011). Later, Trim28 was also 
identified as the affected gene in two nearly simultaneous ENU mutagenesis 
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screens. First, a screen for recessive mutations that arrest development in 
mouse mid-gestation characterized the chatwo mutant as a Trim28 
hypomorph; chatwo mutants arrest by e9 with severe developmental defects 
(Shibata et al, 2011). Second, a screen for dominant mutations that modify 
epigenetic state identified the Trim28Momme9 allele (Ashe et al, 2008). 
Trim28MommeD9 heterozygotes are viable and fertile, but display incompletely 
penetrant metabolic and behavioral perturbations (Whitelaw et al, 2010). 
The role of Trim28 at germline imprinted loci was later characterized 
with the discovery that Trim28 null embryos showed evidence of epigenetic 
dysregulation at imprinted loci (Messerschmidt et al, 2012); moreover, it has 
been shown to play a role in the establishment and regulation of secondary or 
somatic imprints, which arise from germline imprints and spread in the soma 
(Alexander et al, 2015). Methylation analysis of Trim28 has also recently been 
implicated in maintaining DNA methylation at transposable element sequence, 
namely ERVs, in neural progenitor cells (Brattas et al, 2017). 
I.D.2 Transposable elements 
Transposable elements (TEs) represent another class of genes targeted 
for DNA methylation; some classes also resist demethylation, as will be 
discussed in later paragraphs. First described as a driver of hypervariable 
phenotype in maize (McClintock 1950), in eukaryotes, TEs occupy over 50% 
of the genomic space and can be divided broadly into two categories; Class I, 
retrotransposons; and Class II, DNA transposons; based on the origin of their 
integration in the genome. Class I TEs, or retrotransposons, are originally 
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RNA-based and require reverse transcriptase to first copy the genome into 
DNA, whereas Class II TEs, or DNA transposons, serve as their own 
templates for transposition. Class II transposable elements can be further 
categorized based on their structural features and ability to insert themselves 
elsewhere in the genome (autonomy) (reviewed in Chenais et al, 2012, Fig 
I.2). 
 
Fig I.2. Lineages of transposable elements. Adapted from Koito and Ikeda 
2013. Transposable elements can be divided first by their mechanism of 
transposition. DNA transposons provide their own template for transposition; 
retrotransposons require an RNA intermediate and reverse transcriptase. 
Retrotransposons are further divided by the presence or absence of flanking 
long terminal repeats (LTRs); non-LTR elements can be divided into 
autonomous and non-autonomous. Non-autonomous elements require activity 
of an autonomous element for transposition; autonomous elements encode 
necessary activities themselves. LTR elements are divided on presence or 
absence of envelope protein (env) coding sequence. For the purposes of this 
thesis, it is important to note that LINE and ERV methylation and suppression, 
as will be discussed in Section I.A.3, appear to be controlled by Dnmt3c 
(Barau et al, 2016).  
 
 
 
In all host species, TEs are potent drivers of evolutionary change. TE 
amplification is associated with increases in overall genomic size (reviewed in 
Canapa et al, 2015) through the expansion of gene families and novel gene 
formation (DeBarry et al, 2006). TE-induced disruption of genes or gene 
processing has contributed to phenotype in many species (Morgan et al, 1999; 
Clark et al, 2006; Marchant et al, 2017). Coding sequence aside, derepression 
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of retrotransposons often activates nearby genes, and in the early embryo and 
developing oocyte, transient TE derepression may even be required for 
appropriate development (Peaston et al, 2004; Macfarlan et al, 2012). TEs 
have also contributed to the birth and expansion of transcriptional regulatory 
sequences (Thornburg et al, 2006; Sundaram et al, 2014). In addition, over 
30% of annotated lncRNAs harbor TE sequence (Kapusta and Feschotte 
2014), which in some cases could contribute to their ability to act in trans as 
with the lncRNA ANRIL and Alu, a family of human LTR-type transposable 
element (Holdt et al, 2013). 
While their abilities to excise and insert themselves in novel parts of the 
genome have contributed greatly to the richness of the host genome, this 
virtue doubles as a constant threat to genomic integrity. TEs have forced an 
“evolutionary arms race,” where there exists a coevolution of TEs and the 
silencing mechanisms by which their deleterious effects can be minimized 
(reviewed in Slotkin and Martienssen 2007). The resulting mechanisms 
typically involve DNA methylation: TEs are, similar to imprinted loci, protected 
during the genome-wide demethylation of the early embryo. Pathways and 
factors required for TE methylation are divergent from but often overlap with 
those required for imprinted loci, as will be discussed below. A further layer of 
regulation involves the transposable element and its silencing factors working 
together to regulate local gene expression (Ecco et al, 2016; Sundarem et al, 
2017). 
Different classes of transposable elements display some diversity in 
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methylation and remethylation patterns. LINE1 elements are subject to 
extensive demethylation and remethylation at roughly the same period as 
imprinted loci, whereas IAP elements resist demethylation in the 
preimplantation embryo and primordial germ cell development (Lane et al, 
2003). Why some classes of TEs resist demethylation and others do not is 
unknown—however, a plausible reason could involve varying local chromatin 
accessibility, as transposable element classes are also differentially marked 
with repressive histone modifications (Walter et al, 2016), or potentially 
differential enrichment of consensus sequences for proteins that recruit the 
TET proteins to methylated DNA (Okashita et al, 2014; Hassan et al, 2017). In 
the event of TE demethylation, a pathway for de novo methylation of TEs has 
been characterized in plants and animals, the piRNA pathway, is highly 
relevant to our model system and will be discussed in the following section. 
I.D.2.i The piRNA pathway 
PIWI-interacting small RNAs, or piRNAs, are a germline-specific class 
of small noncoding RNAs whose function is to target and silence transposable 
elements via de novo methylation. Their name derives from their associated 
proteins—the P-element induced wimpy testes or “Piwi” proteins first 
characterized in Drosophila. True to its name, knockout of piwi leads to 
hypogonadism and sterility in male flies (Lin and Spradling 1997). Piwi 
homologues have since been characterized in C. elegans, Arabidopsis, 
mouse, and human (Cox et al, 1998; Kuramochi-Miyagawa et al, 2001; Deng 
and Lin 2002; Qiao et al, 2002) as well as many other species. 
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The three murine piwi homologues, named Miwi, Mili, and Miwi2, differ 
based on their expression patterns in the male germline as well as their 
binding affinities for 1) lengths of piRNAs and 2) protein partners. Miwi2 is 
expressed transiently between e15.5 and p3 and binds 28nt piRNAs (Aravin et 
al, 2006); whereas Miwi is restricted to the post-meiotic spermatid and binds 
30nt long piRNAs, and is most pertinent to the activity of pachytene piRNAs; 
Mili is expressed as early as e12.5 and persists through sexual maturity, and 
binds 26nt piRNAs (Aravin et al, 2008). Null animals for all three family 
members are viable but sterile (Carmell et al, 2007, Reuter et al, 2009, 
Kuramochi-Miyagawa et al, 2004); further, knockout of MILI and MIWI2 is 
associated with severe hypomethylation of LINE1 and IAP elements, 
supporting an essential role for MILI and MIWI2 in establishing de novo 
methylation at some classes of retrotransposons (Kuramochi-Miyagawa et al, 
2008). More recently, the roles of MIWI2 and MILI have been further 
differentiated, as MILI knockout has more widespread effects on the 
methylation of LINE1 elements (Manakov et al, 2015). 
Mammalian piRNAs were discovered almost simultaneously by a 
number of groups in 2006. First, by total RNA gel separation, which revealed a 
population of small RNAs larger than miRNAs at 26-30 nt (Girard et al, 2006); 
second, by RNA sequencing of Piwi-bound RNAs (Grivna et al, 2006); and 
third, by RNA sequencing a small RNA fraction arising from a screen for 
candidate transcriptional gene silencing complexes (Lau et al, 2006).  
Two classes of piRNAs are characterized, pre-pachytene and 
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pachytene, based on the timing of their expression in the male germline. This 
thesis focuses on the former; though pachytene piRNAs remain an area of 
active research based on their key role in maintaining genomic integrity and 
mRNA degradation in the terminally differentiating male germ cell (Zheng and 
Wang 2012; Gou et al, 2014; Goh et al, 2015). 
Pre-pachytene piRNAs are located in 20-90kb intergenic clusters 
throughout the genome and are expressed in the male germline from e12.5 
through meiosis post-natally (Aravin et al, 2007). piRNA precursor molecules 
are transcribed as single long transcripts and are trafficked out of the nucleus 
for primary piRNA processing. There, they are cleaved by the mitochondrial 
protein MitoPLD (Drosophila homologue Zucchini) (Pane et al, 2007; Olivieri et 
al, 2010; Ipsaro et al, 2012; Nishimasu et al, 2012), a process that is mediated 
by the RNA helicase MOV10L1 (Vourekas et al, 2015) and GASZ, which 
targets piRNAs to the mitochondria (Ma et al, 2009; Zhang et al, 2016). 
Fragmented piRNA precursors are then loaded onto Mili or Miwi2. They are 
further modified by Henmt1 to carry 3’ 2’-O-methylation (Kirino et al, 2007; 
Simon et al, 2011; Lim et al, 2015); this is tightly coupled with trimming of the 
3’ end of primary piRNA intermediates (Kawaoka et al, 2011). Trimming is 
performed by an unknown exonuclease in mouse, though in Bombyx, 
PNLDC1 has been identified as the responsible exonuclease (Izumi et al, 
2016); in C. elegans, the RNase PARN-1 has similarly been identified (Tang et 
al, 2016). The Tudor protein TDRKH (other Tudor proteins will be discussed in 
later paragraphs) is known to be required for primary piRNA processing and is 
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thought to promote 3’ trimming (Saxe et al, 2013). 
Processing of secondary piRNAs involves the “Ping-Pong” cycle, which 
leads to piRNA amplification. MILI-bound primary piRNAs guide MILI to 
transposable element transcripts, which slices the tenth nucleotide of the 
transcript complimentary to the primary piRNA (De Fazio et al, 2011). This 
process is dependent upon ATPase activity of Mouse Vasa Homologue or 
MVH (Tanaka et al, 2000; Kuramochi-Miyagawa et al, 2010; Wenda et al, 
2017). Secondary piRNAs are loaded onto MIWI2, which, complexed with 
EXD1 and TDRD12, translocates to the nucleus and targets primary piRNA 
precursor transcripts (Yang et al, 2016). Zucchini, the Drosophila homologue 
of MitoPLD, is also thought to play a role in diversifying the piRNA pool via 3’ 
piRNA processing and promoting 3’-end-directed phased piRNA biogenesis 
(Han et al, 2015; Mohn et al, 2015). 
Many members of the Tudor protein family are required for the piRNA 
pathway, among those already mentioned are TDRKH (also known as 
TDRD2), the RNA helicase TDRD9. Tudor proteins act as molecular adaptors, 
mediating protein-protein interactions and therefore represent a promising 
scaffold upon which a Piwi-piRNA complex can be built. The Tudor proteins 
associate with the Piwi proteins through methylated arginine residues, a 
modification catalyzed by PRMT5 (Kirino et al, 2009; Kirino et al, 2010; 
Gonsalvez et al, 2006; Anne et al, 2007) and often also harbor helicase, rna-
binding, and zinc-finger domains (Handler et al, 2011), which almost certainly 
lends to their role as molecular adaptors. Piwi proteins display distinct 
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preferences for Tudor proteins—in mouse, Mili interacts exclusively with 
TDRD1 (Reuter et al, 2009; Vagin et al, 2009; Wang et al, 2009), whereas 
Miwi interacts with several Tudor family members and Miwi2 a smaller subset 
(Kojima et al, 2009; Shoji et al, 2009; Vagin et al, 2009; Wang et al, 2009; 
Vasileva et al, 2009). Loss of Tudor proteins TDRD1, TDRD6, TDRD9 and 
TDRD12 lead to sterility phenotypes though with diverse impacts on the 
piRNA pathway (Chuma et al, 2006; Vasileva et al, 2009; Wenda et al, 2017; 
Pandey et al, 2013).  For example, loss of TDRD1 leads to reduced levels of 
MIWI2-bound piRNAs, reduced methylation of transposable elements, LINE1 
element derepression and Miwi2 mislocalization. In comparison, loss of 
TDRD9 does not impact piRNA biogenesis but is required for transposon 
methylation (Wenda et al, 2017). 
Ultimately, piRNAs lead to de novo methylation of transposable element 
sequence (in mammals). The exact mechanism by which piRNAs guide 
effector proteins to target loci remains unclear. In theory, piRNA-Piwi protein 
complexes to target their genomic targets for methylation. This has been 
demonstrated for the Drosophila Piwi (Brennecke et al, 2007; Darricarrère et 
al, 2013) but not for Mili; Miwi2 does display partial localization to the nucleus, 
though this is ablated in mice deficient for other components of the piRNA 
pathway including Mili and MVH-null mice (Aravin et al, 2009; Kuramochi-
Miyagawa et al, 2010), suggesting that Miwi2 must be bound to piRNAs prior 
to translocating to the nucleus. Targeting Miwi2 to a regulatory region of a 
class of LINE-1 elements via zinc finger protein fusion on a Mili-null 
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background did result in de novo methylation of LINE-1 elements; the ZP-
Miwi2 fusion also associated with Dnmt3a2 and Dnmt3l (Kojima-Kita et al, 
2016).  
How Miwi2 might target and associate with DNA in vivo remains in 
question. Certainly, an interplay between the Piwi protein complexes, perhaps 
by way of Tudor protein-mediated interactions, and other protein complexes or 
chromatin modifications is plausible. Drosophila Piwi associates directly with 
HP1 (Brower-Toland et al, 2007), though this association has not been 
demonstrated in animals; piRNAs in Drosophila are also known to induce 
chromatin changes (Le Thomas et al, 2014). Mice lacking the GHKL ATPase 
Morc1 show a loss of DNA methylation at specific transposon classes (Pastor 
et al, 2014); Morc1 known to mediate chromatin condensation in animals and 
plants (Moissiard et al, 2012; Harris et al, 2016) and in C. elegans acts 
downstream of RNA interference pathways to maintain repressive chromatin 
state (Weiser et al, 2017). Knockouts of the histone demethylase LSD1 lose 
methylation at transposable elements (Wang et al, 2009). As a specific 
demethylase targeting mono- or dimethylated H3K4 and H3K9, a potential 
pathway could involve accumulation of H3K4Me1 or 2, which reduces Dnmt 
binding (Ooi et al, 2007; Otani et al, 2009; Li et al, 2011; Guo et al, 2015). 
Certainly, piRNAs are known to recruit the repressive H3K9Me3 themselves, 
supported in mammals (Pezic et al, 2014) and extensively characterized in 
Drosophila (Klenov et al, 2011; Sienski et al, 2012; Le Thomas et al, 2013; 
Rozhkov et al, 2013). Deposition of H3K9Me3 could also recruit DNA 
 39 
methyltransferases, as DNMT1’s cofactor UHRF1 associates with H3K9Me3 
(Rothbart et al, 2013) and helps to maintain repressed chromatin in a 
methylated state. 
I.D.2.ii Resisting demethylation: Transposable elements 
Methylation at TEs must similarly be maintained and regulated 
throughout embryogenesis. In addition to the activity of Zfp57 at imprinted loci 
in the early embryo, other Zfps are thought to aid in the maintenance of 
methylated state at transposable element sequence. The list of interacting 
KRAB-Zfps is extensive and TE family and subfamily-specific; most are 
thought to maintain a repressive chromatin state via Trim28-mediated 
recruitment of histone modifying complexes and DNA methylation (Wolf and 
Goff, 2008; Rowe et al, 2013; Turelli et al, 2014; reviewed in Gifford et al, 
2013). Recently, the role of ZFP-mediated TE regulation has been shown to 
extend beyond the embryo, potentially playing a role in the regulation of 
tissue-specific expression patterns (Ecco et al, 2016). 
The arginine methyltransferase PRMT5 is also necessary for the 
maintaining a repressive histone state at transposable element sequence, 
namely IAP and LINE1 elements (Kim et al, 2014). PRMT5 catalyzes the 
repressive histone modifies arginine residues on histones as well as the Piwi 
proteins (Kirino et al, 2009) which, as a component of the piRNA pathway, act 
to methylate transposable element sequence de novo, as has been discussed 
previously. 
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I.E Rasgrf1 as a model system for the study of DNA methylation 
mechanisms. 
Ras-activating guanine nucleotide releasing factor (Rasgrf1) is paternally 
imprinted in the neonatal mouse brain (Plass et al, 1996). The Rasgrf1 ICR 
lies 30kb upstream of the Rasgrf1 coding sequence. An adjacent series of 
tandem repeats (Pearsall et al, 1999) represent a cis-element required for 
establishment of DMR methylation in the male germline; deletion of the 
repeats leads to loss of methylation and reduced expression of Rasgrf1 (Yoon 
et al, 2001). Animals deficient for the repeats recapitulate Rasgrf1 knockout 
animals (Itier et al, 1998; Font de Mora et al, 2003; Clapcott et al, 2003; Giese 
et al, 2001), being significantly smaller than wild type littermates with deficits in 
olfactory learning and memory (Drake et al, 2009), but remain viable and 
fertile. Necessity for the repeats to maintain somatic DMR methylation is 
restricted to the preimplantation embryo (Holmes et al, 2005). As such, 
Rasgrf1 has proven to be a useful system for the study of imprinted loci, 
yielding many insights into the mechanisms of imprinting (Fig 1.3). 
Fig I.3. Schematics of genetic manipulations at, or with components of, 
the Rasgrf1 ICR.  a) The wild-type (WT) Rasgrf1 ICR. Paternally, the Rasgrf1 
differentially methylated region (DMR) is paternally methylated; Rasgrf1 is 
expressed from the paternal allele in neonatal brain. The maternal allele is 
unmethylated at the DMR and Rasgrf1 is not expressed. b) Rasgrf1
tm1
(Yoon et 
al, 2001) defines the Rasgrf1 repeats as a cis-element that are required for the 
establishment of methylation at the paternal DMR. In the absence of DMR 
methylation, Rasgrf1 is not expressed. c) Rasgrf1
tm2.0
 (Holmes et al, 2005) 
permits Cre-mediated recombination of the Rasgrf1 repeats. Deletion of the 
repeats at different points in development defines a requirement for the 
repeats to maintain somatic methylation of the DMR through the epiblast stage 
(Meox2-cre); recombination and subsequent loss of the repeats is dispensable 
in nervous tissue post-e11 (Nestin-cre). The transgenic constructs d) RC and 
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e) DR (Park et al, 2011) place either the entire Rasgrf1 locus (RC) or the 
Rasgrf1 ICR (DR) at a locus unlinked to Rasgrf1. Endogenous locus labelled 
“chr9;” transgene labelled “tg.” At RC, the DMR methylation is sufficient to 
effect Rasgrf1 expression; at DR, the repeats are sufficient to impart 
methylation to the DR DMR. f) Insertion of the Rasgrf1 repeats and DMR 
between the normally non-imprinted Wnt1 coding sequence and its annotated 
enhancer (Taylor et al, 2016) demonstrates that the repeats impart methylation 
at its associated DMR; however, this was insufficient to provoke imprinted 
expression of Wnt1. 
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I.E.1 A lncRNA is expressed antisense to the Rasgrf1 DMR and is 
targeted by the piRNA pathway. 
Our lab has previously identified a lncRNA transcribed antisense to the 
DMR using the Rasgrf1 repeats as a promoter. lncRNA expression patterns 
coincide with the epigenetic reprogramming of the embryonic male gonad, 
reaching its highest levels at embryonic day 16.5.   
5’ RACE maps the transcriptional start site of this lncRNA to the repeats. 
Consistent with the repeats acting as a promoter for the lncRNA, repeats-null 
e16.5 testes express the lncRNA at less than 10% of wild type. Additional 
characterization of the lncRNA revealed that it is at least 1kb long and is 
unspliced. 
In addition, the lncRNA sequence includes an RMER4B sequence, an 
LTR-type retrotransposon. In rat and mouse, the two rodent species where 
Rasgrf1 is imprinted (Pearsall et al, 1999), the RMER4B sequence is 
conserved at both the DMR and a piRNA cluster on chr7. Small RNA 
sequencing revealed piRNAs that map to both locations; moreover, these 
small RNAs display a 10 nt overlap between chr7 and Rasgrf1 DMR piRNAs, 
a signature characteristic of the piRNA Ping-Pong cycle (described earlier). 
Thus we termed this the “piRNA-targeted RNA,” or “pitRNA”. 
Further evidence for the piRNA involvement for methylation at Rasgrf1 
comes from piRNA component knockouts. Rasgrf1 DMR methylation is 
reduced to 23.3% in the spermatogonia of Mili knockouts, and 16.8% in 
MitoPLD knockouts. Moreover, MitoPLD knockout e16.5 testes, the pitRNA is 
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upregulated approximately five fold, and pitRNA cleavage fragments 
disappeared, suggesting failure of pitRNA targeting and cleavage in MitoPLD 
mutants. Notably, loss of Mili and MitoPLD did not lead to complete ablation of 
methylation at the DMR, suggesting that a secondary piRNA-independent 
mechanism might contribute to methylation at the DMR.  
 
Fig I.4. Model for regulation of DNA methylation at Rasgrf1. The paternal 
allele is depicted. A series of repeats at Rasgrf1 act as a promoter for a non-
coding RNA (pitRNA) transcribed antisense to the differentially methylated 
region (DMR). A cluster of piRNAs mapping to mouse chr7 have homology to 
the pitRNA. These are targeted to the pitRNA to generate secondary piRNAs. 
piRNAs are loaded onto MILI and MIWI2, which then mediate DNA 
methyltransferase activity at the DMR. 
 
 
  
Transgenic experiments demonstrate that the under the control of the 
repeats, the pitRNA-mediated mechanism is restricted to acting in cis, at its 
allele of origin (Park et al, 2011). However, as will be discussed in the 
following section, other data support a potential ability for the pitRNA to act 
trans-allelically and to impart transgenerational effects. 
I.E.2 Paramutation, an additional facet of the Rasgrf1 system  
 Paramutation describes the occurrence of heritable epigenetic changes 
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unlinked to a genetic variant. Paramutation involves trans-homologue effects, 
whereby one allele (the paramutagenic allele) can exerts epigenetic changes 
on its homologous allele (the paramutable allele); these changes are 
maintained through meiosis and heritable even in the absence of the original 
paramutagenic allele. 
First described in peas (Bateson and Pellew 1915) and crocus 
(Catcheside 1947), the term “paramutation” was coined to describe a 
phenomenon at the r1 locus in maize, where the R-mb allele, which produces 
maize ears with marbled or stippled purple and yellow kernels, exerts effects 
on the dominant R-r allele, which produces uniformly purple seeds. Crossing 
heterozygous R-r/R-mb maize strains to r plants, which produce uniformly 
yellow seeds, results in r/R-r strains that inevitably exhibit a stippled 
phenotype, though they had not inherited the R-mb allele (Brink 1956). 
Paramutation and paramutation-like phenomena have since been 
characterized in other plant species, for example, the sulfurea locus in tomato 
species (Hagemann and Berg 1971), the hygromycin phosphotransferase 
transgene in Arabidposis (Scheid et al, 2003), as well as in animals including 
Drosophila (Hermant et al, 2012; de Vanssay et al, 2012; Capovilla et al, 
2017) and C. elegans (Shirayama et al, 2012; Sapetschnig et al, 2015). In 
mouse, paramutation-like events have been observed at the kit locus 
(Rassoulzzadegan et al, 2006), the Phactr3 locus (Worch et al, 2008), and the 
Rasgrf1 locus (Herman et al, 2003). In human, a potential paramutation-like 
effect has been described at the VNTR insulin effect locus (Bennett et al, 
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1997). 
I.E.2.i Characteristics of paramutable loci and alleles 
In maize, Drosophila, and potentially in mammals, paramutation events 
are associated with repetitive sequence. Characterization of paramutation 
typically involves 1) recognition and monitoring of the phenotypic change 
induced by the paramutagenic allele, such as the stippled phenotype at the 
aforementioned R locus in maize or the white-tail phenotype in mouse, and 2) 
tracking the heritable alterations of the paramutable or paramutated allele. A 
recurrent theme of paramutable loci include enrichment for repetitive 
sequences are present at many loci that undergo paramutation (Kermicle et al, 
1995; Sidorenko and Peterson, 2001; Stam et al, 2002), though not all 
(Rassoulzadegan et al, 2002; Qin and Arnim 2002). Indeed, some data 
support a potential role of tandem repeats in mediating paramutation. In a 
series of transgenic experiments in maize, the tandem repeats from the b1 
locus were sufficient to induce paramutation and gene silencing (Belele et al, 
2013); a repeat binding protein CBBP has been shown to permit paramutation 
at the b1 locus in maize (Brzeska et al, 2010). 
Distinguishing between the paramutable and paramutagenic alleles is 
possible at the epigenetic level. The paramutant allele tend to display different 
epigenetic marks secondary to trans homologue effects by the paramutagenic 
allele. In many cases, the paramutagenic allele is hypermethylated relative to 
the paramutable allele (Walker 1998; Sidorenko et al, 2001; Mittelstein Scheid 
et al, 2003, Rassoulzadegan et al, 2002; Meyer et al, 1993). At the b1 locus in 
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maize, the paramutable B-1 allele displays a more open chromatin structure 
as evaluated by DNAse hypersensitivity (Stam et al, 2002); the paramutagenic 
B’ allele is consistently marked with repressive histone modifications H3K9Me 
and H3K27Me (Haring et al, 2010).  
I.E.2.ii  Potential mechanisms for trans homologue effects 
An RNA-based mechanism, where transcription from one allele targets 
the homologous allele for epigenetic modifications is supported in all species 
in which paramutation has been observed. First clues come from the known 
trans factors required for paramutation. In maize, the screens for factors that 
impacted paramutation identified mop1, an RNA-dependent RNA polymerase 
(Dorweiler et al, 2000; Alleman et al, 2006), mop2, a subunit for the plant-
specific RNA polymerase V; rmr6, a subunit of the DNA-dependent RNA 
polymerase IV (Hollick et al, 2005; Erhard et al, 2009); and rmr1, a SNF2-like 
ATPase (Hale et al, 2007). Further, paramutation at the b1 locus in maize is 
demonstrated to be RNA-mediated (Arteaga-Vazquez et al, 2010). Together, 
these data support the requirement for the RNA-dependent DNA methylation 
(RdDM) pathway (reviewed in Matzke et al, 2009) in effecting paramutation in 
plants.  
In animals, an RNA-mediated mechanism is also supported 
(Rassoulzadegan et al, 2006). Microinjection of small RNAs targeting the Cdk9 
gene or fragments of the Cdk9 coding sequence itself produced a heritable 
cardiomyopathy induced by overexpression of Cdk9. In this model, 
methylation at Cdk9 was unchanged—perhaps not surprisingly, given that the 
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paramutated allele had been activated rather than repressed (Wagner et al, 
2008). Similarly, microinjection of miR-124, an miRNA important for central 
nervous system development (Cao et al, 2007; Visvanathan et al, 2007; 
Makeyev et al, 2007), led to a heritable “giant” phenotype and an increase in 
Sox9 expression; further, heritable chromatin changes were observed, where 
the affected Sox9 locus had an increased enrichment for the H3K9Me3 at a 
putative regulatory region upstream of Sox9 (Grandjean et al, 2009). These 
findings also support an RNA-mediated mechanism for paramutation. 
However, to date, an RNA-dependent RNA polymerase such as MOP1 has 
not been characterized in animals, which may imply a divergent mechanism in 
animals. Parallels to RdDM in animals do exist, notably the piRNA-mediated 
DNA methylation of transposable elements by piRNAs. In Drosophila, 
paramutation is linked to maternal inheritance of piRNAs (de Vanssay et al, 
2012) and requires components of the piRNA pathway (Hermant et al, 2015), 
but the factors directly responsible for RNA-guided DNA methylation have yet 
to be identified. With the recent discovery of murine Dnmt3c, which is known 
to methylate transposable element sequence in the male germline (Barau et 
al, 2016), as well as MORC1 (Pastor et al, 2014), which is also required for 
transposable element methylation and displays DNA binding capacities, a 
mechanism for paramutation in animals may not be far behind. 
I.E.2.iii Paramutation at Rasgrf1 
Paramutation with respect to the Rasgrf1 locus was reported for a 
targeted mutant, Rasgrf1tm3.1PDS or tm3.1, carrying the imprinting control region 
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of the Igf2r gene, which acts as a promoter for the lncRNA AIRN (Wutz et al, 
1997; Lyle et al, 2000). Upon analysis of Rasgrf1 expression and methylation 
patterns, tm3.1 animals displayed a curious phenotype. In the F1 generation, 
paternally-inherited tm3.1 led to biallelic Rasgrf1 expression, which was 
interpreted as derepression of the maternal allele. In the F2 generation, the 
genetically wild-type offspring of derepressed tm3.1 heterozygous females 
maintained the paramutant phenotype (Fig I.5). As such, the tm3.1 allele 
meets the two criteria for paramutation: First, that a paramutant allele can 
exert its effects on a paramutable allele; and second, that these effects can 
persist through meiosis. 
With the later discovery of the pitRNA (Watanabe, 2011), the tm3.1 
system could be explained by an RNA-loading effect. For example, should 
tm3.1 females express abnormally high levels of pitRNA in the germline, high 
levels of pitRNA in oocytes that lack the tm3.1 allele could exert effects on 
methylation and Rasgrf1 expression in genetically wild-type offspring. 
However, the tm3.1 allele does not permit precise control of pitRNA levels or 
timing: Whether the pitRNA can itself transallelically or transgenerationally, as 
observed in the tm3.1 system, remains to be explored. 
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Fig I.5. Paramutation-like effects observed with Rasgrf1tm3.1PDS. a) Animals with a paternally-inherited tm3.1 allele 
express Rasgrf1 biallelically, as shown by the green arrows; methylation of the wild-type maternal allele was inferred by 
MS-PCR (gray filled lollipops). b) Genetically wild-type offspring of maternally methylated, derepressed R2 females 
retained the derepressed expression phenotype. A subset of animals also expressed monoallelically from the maternal 
allele. Conclusions from the genotypes examined are listed below each allele schematic, as are accompanying 
considerations for the methods utilized. 
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I.E.3 Summary of Chapter I and findings at Rasgrf1 
 
In Chapter I, we have defined and discussed three key epigenetic 
modifications: DNA methylation, histone modification, and chromatin 
interactions. Two systems with known mechanisms or elements for DNA 
methylation include imprinted loci and transposable element. At Rasgrf1, 
imprinted in neonatal brain in mouse, a cis-element required for DNA 
methylation as well as a piRNA-targeted lncRNA, the pitRNA, have been 
characterized (Figure 1.6). 
From our existing data, the following can be concluded: First, that the 
repeats are required for DNA methylation at Rasgrf1. Second, that the repeats 
are required for expression of the pitRNA. Third, that the pitRNA is processed 
into piRNAs. Fourth, that components of the piRNA pathway are required for 
complete methylation at Rasgrf1. Fifth, that under the control of the repeats, 
this mechanism is restricted to acting in cis. What remains undefined is the 
sufficiency of the pitRNA alone to impart methylation at the Rasgrf1 repeats, 
and whether manipulations of the pitRNA can contribute to transallelic or 
transgenerational effects. Further, it is unknown whether the repeats function 
in an additional role beyond driving pitRNA transcription. The experiments in 
Chapters II and III seek to define, respectively, the sufficiency of the pitRNA to 
impart methylation at Rasgrf1, and the factors that may bind the Rasgrf1 
repeats, thereby driving pitRNA expression and potentially mediating other 
functions. 
Figure 1.6. Summarizing figure of Chapter I. Green panels: Three known 
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categories of epigenetic modifications include DNA methylation, histone 
modifications, and chromatin interactions. Lavender panels: Two classes of 
genes, transposable elements and imprinted loci, are targeted for DNA 
methylation. A know small RNA-mediated pathway, the piRNA pathway 
(piRNAs denoted by blue and red bars), target transposable elements for 
methylation and silencing. Blue panels: Rasgrf1 is a model imprinted locus 
with a characterized cis-element, a set of tandem repeats (yellow triangles) 
adjacent to the Rasgrf1 differentially methylated domain (DMR); a long 
noncoding RNA, the pitRNA, is transcribed antisense to the Rasgrf1 DMR and 
is targeted by piRNAs. The characterization of the pitRNA represents 
previously unknown link between thhe piRNA pathway and regulation of 
methylation at imprinted loci (dotted arrow). 
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II RNA-INDEPENDENT REGULATION OF IMPRINTING AT RASGRF1 
 
This is a pre-print of a manuscript submitted for review to PLoS Genetics. 
 
Chu ET, Hofstedt M, Taylor DH, and Soloway PD. RNA-independent 
regulation of imprinting at Rasgrf1. 
 
II.A Abstract 
 
Long noncoding RNAs (lncRNAs) have garnered much attention as 
possible links between DNA sequence and the protein factors that mediate 
DNA methylation. However, the mechanisms by which DNA methylation is 
directed to specific genomic locations remain poorly understood. We 
previously identified a lncRNA in mouse, the pitRNA, that was implicated in the 
control of DNA methylation at the imprinted Rasgrf1 locus. The pitRNA is 
transcribed in the developing male germline antisense to the differentially 
methylated region (DMR) that harbors paternal allele methylation, and is 
driven by a series of tandem repeats that are necessary for imprinted 
methylation. MitoPLD, a factor necessary for piRNA biogenesis, both 
processes piRNAs from the pitRNA and is necessary for complete methylation 
at the locus, along with piRNA binding proteins. Using two independent mouse 
systems where pitRNA transcription is driven by the doxycycline-inducible Tet 
Operator, we demonstrate that pitRNA transcription across the DMR is 
insufficient for imprinted methylation, and that the Rasgrf1 repeats have 
additional, critical cis-acting roles for imparting DNA methylation to Rasgrf1, 
independently of their control of pitRNA transcription. Furthermore, pitRNA 
overexpression and oocyte loading of pitRNA is insufficient to induce 
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transallelic and transgenerational effects previously reported for Rasgrf1. 
Notably, manipulation of the pitRNA with the TetOFF system led to 
transcriptional perturbations over a broad chromosomal region surrounding the 
inserted Tet Operator, revealing that the effects of this regulatory tool are not 
localized to a single target gene. 
 
II.B Summary 
 
DNA methylation is a heritable genetic modification known to impact vital 
biological processes. While the proteins that establish, maintain, and remove 
DNA methylation are well characterized, the mechanisms by which these 
proteins are directed to specific genetic sequences are poorly understood. We 
have previously demonstrated that DNA methylation at the imprinted Rasgrf1 
locus requires a DNA element with a series of tandem repeats. These repeats 
act as a promoter for a long noncoding RNA, the pitRNA, which is targeted by 
a small noncoding RNA pathway known to silence viral elements in the male 
germline via DNA methylation. We queried the sufficiency of the pitRNA to 
mediate DNA methylation at Rasgrf1. We show that, in the absence of the 
repeats, the pitRNA expression is insufficient to establish imprinted 
methylation. This work supports a pitRNA-independent mechanism for 
methylation at Rasgrf1, and a critical cis-acting role for the tandem repeats 
separate from their control of pitRNA transcription. 
II.C Introduction 
DNA methylation is essential for appropriate embryonic development. 
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While the trans-acting factors required to establish (Okano et al, 1999; Kato et 
al, 2007; Bourc’his D et al, 2001; Barau et al, 2016; Jain et al, 2017), maintain 
(Li et al, 1992; Howell et al 2001; Nakamura et al, 2006; Payer et al, 2003; 
Quenneville et al, 2011; Shibata et al, 2011), and remove (Ito et al, 2011; 
Cortellino et al, 2011; Popp et al, 2010; Bhutani et al, 2010) DNA methylation 
have been identified, little is known of cis-acting elements that direct these 
trans-acting factors to specific genomic locations (Chotalia et al, 2008; 
Frohlich et al, 2010; Kantor et al, 2004; Pant et al, 2003; Pant et al, 2004). 
One such cis element exists at the imprinted Rasgrf1 locus. In mouse 
and rat, Rasgrf1 is paternally methylated and expressed in the neonatal brain. 
Imprinted expression in mouse is controlled by a differentially methylated 
region (DMR) 30 kb upstream of Rasgrf1 coding sequence, and requires a 1.6 
kb stretch of tandem repeats immediately adjacent to the DMR. Targeted 
deletion of the Rasgrf1 repeats (Rasgrf1tm1PDS, tm1) leads to loss of 
methylation at the tm1 DMR in the male germline, and loss of imprinted 
Rasgrf1 expression (Yoon et al, 2002). The repeats also play a role in the 
maintenance and spreading of DMR methylation in the embryonic somatic 
lineage after fertilization, though they are dispensable past the epiblast stage 
(Lindroth et al, 2008; Holmes et al, 2006). 
Our lab previously characterized a long noncoding RNA (lncRNA), the 
pitRNA, which is driven by the Rasgrf1 repeats and is expressed in the 
embryonic male gonad (Watanabe et al, 2011). LncRNAs, with their ability to 
recruit and bind effector proteins (reviewed in Lee, 2012; Taylor et al, 2015), 
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represent a molecular class that could bridge the gap between the protein 
effectors of local epigenetic states if they recruit the effectors while being 
transcribed. Indeed, lncRNAs have been implicated in diverse biological 
processes, and have been proposed to modulate gene expression via a 
number of mechanisms including recruitment of histone modification 
complexes (Nagano et al, 2008; Plath et al, 2003), transcriptional interference 
(Latos et al, 2012), and enhancer regulation (Orom et al, 2010). 
Using the Rasgrf1 repeats as a promoter, the pitRNA is transcribed 
antisense to the DMR, spanning an RMER4B element, an LTR-type 
retrotransposon. The repeats and RMER4B element are conserved at the 
Rasgrf1 DMR in species where Rasgrf1 is imprinted (Pearsall et al, 1999). The 
pitRNA is processed into secondary piRNAs by the piRNA pathway, which is 
required for DNA methylation and transcriptional silencing of retrotransposons 
(Kuramochi-Miyagawa et al, 2008), and also for full methylation at the Rasgrf1 
DMR. Given the apparent importance of the pitRNA and piRNA pathway in 
controlling methylation at Rasgrf1, we hypothesized that aberrant expression 
of the pitRNA could explain transallelic and transgenerational effects 
previously reported at Rasgrf1 (Herman et al, 2003). Indeed, aberrations in 
non-coding expression have been associated with such effects in other 
systems (Alleman et al, 2006; Rassoulzadegan et al, 2006; de Vanssay et al, 
2012). 
More recently, our lab targeted the Wnt1 locus, inserting the Rasgrf1 
repeats and DMR between the Wnt1 coding sequence and its annotated 
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enhancer (Wnt1DR). We found that when paternally transmitted, the Wnt1DR 
allele was methylated, recapitulating patterns of imprinted methylation found at 
Rasgrf1. However, pitRNA expression from the Wnt1DR was extremely low 
(less than 2% of the pitRNA expressed from the endogenous locus) (Taylor 
DH et al, 2016). These data suggested that the Rasgrf1 repeats could impart 
methylation to their associated DMR independent of robust pitRNA 
expression. 
None of the systems described above have uncoupled the pitRNA from 
the Rasgrf1 repeats to ascertain necessity or sufficiency of either individual 
element for methylation in cis at the endogenous Rasgrf1 locus. Here, we 
directly queried the sufficiency of the pitRNA to establish methylation at 
Rasgrf1 using a targeted mutation in mouse, Rasgrf1tm5.1PDS (tm5.1) where the 
Rasgrf1 repeats were replaced by the Tet Operator. This enabled inducible 
control of pitRNA expression through combination of tm5.1 with one of two 
transactivating proteins: TetON, which binds the Tet Operator and drives 
pitRNA expression in the presence of doxycycline (Urlinger et al, 2001); and 
TetOFF, which binds the Tet Operator and drives pitRNA expression in the 
absence of doxycycline (Gossen et al, 1992; Baron et al, 1997). We found that 
induction of the pitRNA at physiologic levels in male gonocytes was insufficient 
to impart methylation to the tm5.1 DMR, revealing a critical role for the repeats 
in methylation control, independent of their regulation of pitRNA transcription, 
consistent with our findings with Wnt1DR. Using tm5.1 as well as a transgenic 
allele, TetO∆Tg, we also determined that the pitRNA overexpression was 
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insufficient to induce transgenerational or transallelic effects on Rasgrf1 
expression or methylation. Finally, in addition to enabling control of pitRNA 
expression as designed, TetOFF transactivation of tm5.1 activated 
transcription across a broad chromatin domain previously shown to exhibit 
interactions, and that activation was not confined to the target sequences at 
the DMR. Our data identify a role for Rasgrf1 repeats as a cis-element 
directing DNA methylation, independently of the pitRNA it drives. Furthermore, 
we show that expression patterns controlled by engineered Tet repressor 
proteins can be exerted over large regions of the genome. 
II.D Results 
II.D.1 Generation of Rasgrf1tm5.0PDS.  
We successfully generated the targeted mutant Rasgrf1tm5.1PDS (tm5.1), 
where the endogenous repeats were replaced with the Tet Operator (Fig 1a).  
Figure 1. Schematics and pitRNA expression of the wild-type Rasgrf1 
and Rasgrf1tm5.1PDS alleles. a) Schematics of the wild-type Rasgrf1 and 
Rasgrf1tm5.1PDS alleles. Green box represents the Rasgrf1 differentially 
methylated region (DMR). The Imprinting Control Region (ICR) lies 30 kb 
upstream of Rasgrf1 coding sequence (purple box). Yellow triangles connote 
the Rasgrf1 repeats. Grey blocks connote 5’ and 3’ homologous arms of the 
targeting vector pETC6, described in Methods. Orange triangle downstream of 
Rasgrf1tm5.1PDS connote residual frt site. Figures are not drawn to scale. b) 
pitRNA expression postnatal day 1 testes of wild-type, tm5.1/tm5.1, and 
TetOFF:tm5.1/tm5.1 animals. TetOFF transactivates tm5.1 to physiological 
levels; tm5.1 homozygotes express undetectable levels of pitRNA in the 
absence of TetOFF. Error bars represent standard error across biological 
triplicates. ***, p < 10-6; n.s., not significant; n.d., not detected at 40 cycles. 
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Allelic structure was validated by Southern blot, and Sanger sequencing 
of PCR products that spanned the vector ends and the endogenous sequence 
at the target locus, as well as by copy number qPCR (Fig S1a-d). 
Figure S1. Validation of Rasgrf1
tm5.1PDS
. a) Generation of Rasgrf1
tm5.1PDS
. 
From Rasgrf1
tm5.0PDS
. Rasgrf1
tm5.0PDS 
(a, upper schematic) was generated via 
CRISPR-Cas9-mediated homology-directed repair in v6.5 embryonic stem 
cells. Targeting was confirmed by Sanger sequencing of PCR products 
generated with primers PDS 2359-8 and PDS 2344-2263, which respectively 
span the junctions of the 5' and 3' homologous arms of the pETC6 vector (grey 
boxes), and the flanking sequences of the Rasgrf1tm5.0PDS allele. PDS 2344 
falls within the neo resistance cassette (n). PDS 2358 sequence falls partially 
within TetO. DNAs from Wild-type (WT) animals show no product for either 
PDS 2359-8 or PDS 2344-2263. Rasgrf1
tm5.1PDS
 (tm5.1, a, lower schematic) 
was generated by crossing Rasgrf1
tm5.0PDS 
males to females constitutively 
expressing FlpE recombinase (FlpE). Recombination was confirmed with 
Sanger sequencing of PCR products generated with primers PDS 2262-2263. 
PDS 2262 maps to Tet Operator sequence, and the product contains the 
single residual frt site (orange triangle) remaining after recombination. PCR 
products shown below the amplicon schematics arise only when using DNAs 
from mutant animals. b) Schematic for Southern blot shown in c); probe 
location, shown with pink line, is outside of the targeting vector; location of PstI 
sites are indicated. Yellow triangles indicate the Rasgrf1 repeats. Homologous 
arms are omitted for clarity. c) Southern blot of a tm5.1 heterozygote vs. a 
wild-type animal and a Rasgrf1
tm1
 homozygote (tm1); in these animals, the 
probe detects the same 3kb fragment in tm1 as is tm5.1. d) Copy number 
qPCR support targeting of the endogenous allele: tm5.1 heterozygotes have 
half the copy number of the repeat element as WT animals, but the same 
number of DMR sequences. Error bars represent standard error across 
biological duplicates. 
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II.D.2 The tm5.1 allele lacks DMR methylation and Rasgrf1 expression, 
like the Rasgrf1tm1 repeat-deficient allele. 
We first characterized tm5.1 in the absence of a transactivator. We 
expected that, in the absence of a transactivating protein, tm5.1 would neither 
accrue methylation at its DMR or impart imprinted expression at Rasgrf1, 
similar to the repeat-deficient allele, Rasgrf1tm1 (tm1). The tm5.1 DMR was 
hypomethylated when paternally transmitted (+/tm5.1, Fig S2e), leading to 
minimal expression of Rasgrf1 in the brain as measured by qRT-PCR 
(FigS2d); +/tm5.1 animals were on average of lower body weight than wild-
type littermates (Fig S2f), consistent with findings that repeat-deficient animals 
are underweight (Drake et al, 2009). 
Also consistent with tm1, a portion of +/tm5.1 animals were methylated 
at and expressed Rasgrf1 at wild-type levels from the tm5.1 allele. Also as 
seen with the tm1 allele, a portion of mice with the +/tm5.1 genotype had 
tm5.1 methylation and expression in the N2 and N3 generations (4 out of 14 
animals in the N2 generation; 2 out of 15 animals in the N3 generation). 
Consistent with findings using repeat-deficient animals (Drake et al, 2009), this 
was a stochastic event, and the methylation status of +/tm5.1 offspring was 
not dependent on the methylation state of their +/tm5.1 fathers (Fig S2a-b).  
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Figure S2. The tm5.1 allele lacks imprinted methylation and expression 
in the absence of transactivator. Summary of Rasgrf1 expression, Rasgrf1 
imprinting, and total animals measured in tm5.1 animals of the a) N2 and b) 
N3 generations. The majority of animals inheriting tm5.1 paternally (+/tm5.1) 
expressed Rasgrf1 biallelically as assayed by endpoint PCR, but levels were 
only 2% those seen in wild-type (WT) mice, and the alleles were 
unmethylated. A subset of +/tm5.1 animals (4 of 10 in the N2, and 2 of 15 in 
the N3 generation) expressed Rasgrf1 at WT levels from the paternal tm5.1 
allele. N3 animals expressing Rasgrf1 paternally and at wild-type levels did not 
arise from methylated fathers, indicating that sporadic tm5.1 DMR methylation 
was not an inherited state, consistent with findings with the Rasgrf1tm1PDS 
(Yoon et al, 2002)Error! Bookmark not defined.. c) Allele-specific expression analysis. 
A male chimera prepared using C57BL/6 blastocysts, and v6.5 ES cells with 
the tm5.1 allele on the 129S4 (129) background, was crossed with C57BL/6 
females. Neonatal brain cDNA was subjected to endpoint RT-PCR using 
primers spanning SNPs from the 129 and C57BL/6 backgrounds that harbor 
distinct AciI sites. Product digestion with AciI produces allele-specific bands, 
reporting the expressed allele(s). The slowest and fastest migrating bands 
represent the 129 paternal Tm5.1 allele; the two middle bands represent the 
C57BL/6 allele. WT animals, inheriting the C57BL/6 paternal allele, expressed 
Rasgrf1 solely from the WT C57BL/6 allele(s). A portion of +/tm5.1 animals 
express paternally from the tm5.1 129 allele. The majority express biallelically 
from the maternal C57BL/6 and paternal 129 alleles. d) qRT-PCR of Rasgrf1 
in wild-type and +/tm5.1 animals. Paternally expressing +/5.1 animals express 
Rasgrf1 at WT levels, whereas biallelically expressing +/5.1 animals express 
at 2% of WT, indicating biallelic expression detected in tm5.1 by endpoint PCR 
was seen when the normally active paternal allele was silent. Error bars 
represent standard error across at least biological triplicate. e) Targeted 
bisulfite sequencing (bar graphs) and COBRA analyses (gel images) of the 
WT DMR in tail gDNA of WT animals (left), and the tm5.1 DMR of +/tm5.1 
animals with paternal (middle) and biallelic (right) Rasgrf1 expression. Animals 
with paternal expression were methylated at the tm5.1 DMR, whereas animals 
with biallelic expression were hypomethylated. WT animals have two copies of 
the WT Rasgrf1 DMR, one hypermethylated and one hypomethylated; bisulfite 
analysis of the WT DMR in soma is 50%. Bar graphs report the percentage of 
total reads with the levels of methylation shown in the key on the right. 
COBRA queries methylation at five BstUI sites in both the WT and the tm5.1 
DMRs. “+” and “–” connote addition or lack of BstUI. Methylated (+mC) and 
unmethylated –mC) sites are respectively sensitive or resistant to BstUI 
digestion. Digestion products are indicated by black arrowheads. The PCR 
product of the WT DMR shows partial digestion, reporting the different 
methylation states of the two parental alleles; paternally expressing +/tm5.1 
show full digestion of the tm5.1 DMR; biallelically expressing +/tm5.1 animals 
show no digestion. f) +/tm5.1 animals are lower in body weight compared to 
their WT littermates consistent with previous findings (Drake et al, 2009). 
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II.D.3 Induction of pitRNA from Rasgrf1tm5.1PDS via the TetON and TetOFF 
systems. 
To ascertain transactivator-dependent induction of pitRNA, we then 
generated tm5.1 mice expressing one of two transactivating proteins, TetON 
and TetOFF. As discussed in Methods, the TetOFF allele was generated from 
the commercially available pA-TetOFF allele, where TetOFF is preceded by a 
floxed neomycin-resistance polyadenylation cassette, by crossing pA-TetOFF 
males with females carrying a Cre transgene driven by the Sox2 promoter, 
thereby driving Cre-mediated recombination by embryonic day 6.5 (Hayashi et 
al, 2002). Successful Cre-mediated recombination was confirmed by Sanger 
sequencing of PCR products spanning the pA-cassette (Fig S3).  
Figure S3. Generation of the TetOFF allele. pA-TetOFF males were crossed 
with females carrying a Sox2-Cre transgene to generate the recombined 
TetOFF allele. PDS 2794 maps to the splice acceptor site of the ROSA26 
locus; PDS 2795 maps 3’ of the TetOFF coding sequence, within wild-type 
ROSA26 sequence. pA-TetOFF animals produce a 2.2kb PCR product for 
PDS 2794-5 whereas TetOFF animals produce a 1.5kb PCR product due to 
loss of the floxed Neo-polyA cassette. Note that a portion of animals are 
mosaic for pA-TetOFF and TetOFF (mosaic); though only fully recombined 
mice bearing the TetOFF allele were analyzed in crosses with the tm5.1 allele. 
 
 
We expected pitRNA transcription from the tm5.1 allele would depend 
either on the TetOFF transgene in the absence of tetracycline, or the TetON 
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transgene in the presence of doxycycline. We assayed pitRNA induction in 
several adult tissues by endpoint PCR, as well as by qPCR in the neonatal 
male germline, adult liver, neonatal brain, and oocytes. pitRNA induction from 
the tm5.1 allele required a transactivating protein, and was expressed at 
physiological levels in the neonatal male embryonic germline of males (Fig 
1b), and from 10 to 1000-fold wild-type levels in adult tissues (Fig S4, Fig S8) 
depending on the tissue assayed. In all tissues, pitRNA was not expressed in 
the absence of a transactivator. 
Figure S4. Successful pitRNA induction in TetON:tm5.1 and 
TetOFF:tm5.1 tissues. a) Endpoint RT-PCR for pitRNA in the tissues of 
transactivated tm5.1 animals demonstrate induction of pitRNA in several 
tissues of TetON: +/tm5.1 and TetOFF: +/tm5.1 mice. Low signals from testes 
are likely due to the blood testes barrier, restricting entry of doxycycline (dox). 
pitRNA is not detectable by endpoint PCR in wild-type (WT) animals. b) qPCR 
for pitRNA in adult liver shows 10-fold upregulation of pitRNA in TetON:tm5.1 
animals fed dox chow, and 500-fold upregulation of pitRNA in TetOFF:tm5.1 
livers relative to WT. c) qPCR for pitRNA in neonatal brain shows nearly 
10,000 fold upregulation of pitRNA in TetOFF:tm5.1 brains relative to WT, 
TetOFF:+, and +:tm5.1 animals. ***, p < 10-6; n.s., not significant. 
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II.D.4. pitRNA induction in the male germline is insufficient for 
establishment of germline methylation at Rasgrf1. 
 
Having confirmed that pitRNA could be induced from tm5.1 using both 
the TetON and the TetOFF systems, that expression in the neonatal germline 
was at physiologic levels, and that tm5.1 was transcriptionally silent in the 
absence of a transactivator, we tested whether artificially regulated pitRNA 
expression was sufficient to impart methylation at the Rasgrf1 DMR in the 
male germline, independently of the repeats that normally effect this 
regulation. To perform this analysis, we used male embryos heterozygous for 
the tm5.1 allele that also carried the TetOFF or the TetON transgenes. We 
assayed methylation of the tm5.1 and WT DMRs under conditions where the 
pitRNA is induced from the tm5.1 allele. The use of heterozygotes enabled us 
to monitor methylation of both the tm5.1 allele, with artificial regulation of the 
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pitRNA from the Tet Operator, and the wild-type allele, as an internal control, 
which has natural regulation of the pitRNA from the repeats. gDNA was 
prepared from the gonocyte and somatic cell fractions of developing male 
gonads, and assayed for DMR methylation by targeted bisulfite sequencing 
(Fig 2a-d) and COBRA (Fig S5a,b), using assays specific for the tm5.1 and 
wild-type alleles. Both assays revealed that the tm5.1 DMR was 
hypomethylated in gonocytes, despite the proper regulation of pitRNA in the 
germline. In contrast, the wild-type DMR from the same animals was 
hypermethylated, as expected. This pattern was observed in male gonocytes 
regardless of the parental modes of inheritance of the two alleles, or whether 
the TetON or TetOFF regulator was used. As a control for purity of germ cells, 
we performed BS-PCR and sequencing for the Igf2r DMR, which is methylated 
upon maternal transmission, and found extensive hypomethylation, as 
expected for male germline cells (Wutz et al, 1997). We also assayed 
methylation states of the two alleles in somatic fractions of developing gonads. 
As with gonocytes, the tm5.1 allele was unmethylated regardless of mode of 
inheritance or transactivator. As expected, the wild-type allele was 
hypermethylated upon paternal transmission, and hypomethylated upon 
maternal transmission. Hypomethylation of the maternal DMR in somatic 
fractions demonstrated that pitRNA expression from the tm5.1 allele does not 
act in trans. 
We further assayed tm5.1 and wild-type DMR methylation in mature 
sperm of tm5.1 heterozygotes, where the pitRNA was regulated by TetOFF in 
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the absence of doxycycline. As with gonocytes, the tm5.1 DMR was 
consistently hypomethylated, whereas the wild-type DMR was methylated (Fig 
2e and Fig S5c).  We concluded that in the embryonic and mature male 
germlines, pitRNA expression alone was not sufficient to impart methylation at 
the tm5.1 DMR in cis, indicating that the repeats perform an additional 
necessary function for DMR methylation beyond controlling pitRNA 
expression. 
Figure 2. Induction of pitRNA in the male germline does not impart 
methylation in cis, at the tm5.1 DMR, or in trans, at the Rasgrf1 DMR. 
DNAs were collected from gonocyte and somatic fractions of male embryos (a-
d) and mature sperm from adult males (e). The somatic and germline fractions 
of one male is shown in each panel a-d; panel e shows bisulfite analysis of the 
sperm of two males (#1 and #2). Animals were on the C57BL/6 or FVB/n 
(FVB, c, d) backgrounds. Mothers were fed chow containing (+ dox), or lacking 
(– dox) doxycycline between mating and birth. Bisulfite PCR was done using 
PCR primers specific to the tm5.1 DMR or, as controls, the DMRs from wild 
type (WT) Rasgrf1 and Igf2r. WT and Igf2r are respectively expected to be 
hyper- and hypomethylated in male gonocytes; Igf2r is expected to be 50% 
methylated in soma. Number of CpG dinucleotides assayed from tm5.1, WT, 
tm5.1and Igf2r totaled 15, 17, and 12 respectively. MiSeq libraries prepared 
from PCR products were sequenced to a minimum of 12 reads per sample for 
the two Rasgrf1 alleles (range: 12-28,067; median: 135). Data are reported as 
the percentage of reads showing the methylation levels indicated in the 
Bisulfite Key at lower right. Igf2r hypomethylation in the gonocyte fractions of 
each sample indicate minimal somatic contamination. Consistent 
hypomethylation of the tm5.1 allele in each pedigree and sample indicates 
pitRNA expression in the absence of the repeats is insufficient for DMR 
methylation. 
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Figure S5. Additional bisulfite analysis of embryonic and adult male 
germline. a) COBRA of the tm5.1 DMR for the TetOFF/tm5.1 animal depicted 
in Fig 2a (#1) as well as a littermate of the same genotype (#2). “+” and “─” 
connote addition of BstUI. The tm5.1 DMR is hypomethylated in the gonocyte 
and somatic fractions of both animals. Targeted bisulfite sequencing for #2 is 
shown below. The paternally inherited wild-type (WT) DMR is hypermethylated 
in both gonocyte and somatic fractions; the tm5.1 DMR is hypomethylated in 
both gonocyte and somatic fractions. The Igf2r DMR is hypomethylated in 
gonocyte and 50% methylated in soma. b) COBRA for the tm5.1 DMR for the 
TetON/tm5.1 + dox animal depicted in Fig 2c (#1) as well as a littermate of the 
same genotype (#2). Bisulfite sequencing results for #2 are depicted below. 
Note that while the tm5.1 DMR is hypomethylated in the gonocyte and somatic 
fractions of #1, it is approximately 50% methylated in #2 by bisulfite 
sequencing and COBRA. This is consistent with rates of stochastic tm5.1 
DMR methylation as previously described: As described in Fig S2, 10-25% of 
+/tm5.1 show evidence of tm5.1 methylation and expression in the soma. Rep 
#2 is one of six assayed (18%) transactivated tm5.1 embryonic gonads to 
display partial methylation of the tm5.1 DMR in the gonocyte and somatic 
fraction. c) COBRA for the two +/tm5.1 and two TetOFF/tm5.1 animals shown 
in Fig 2e (#1 and #2 of each genotype). COBRA results for an additional three 
+/tm5.1 animals (#3, #4, #5) are shown; bisulfite results for #3 are below. 
COBRA from an additional TetOFF/tm5.1 animal (#3) is also shown. In all 
samples, the tm5.1 DMR is hypomethylated. Bisulfite Key at lower right. 
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II.D.5 pitRNA induction in the male germline is insufficient for somatic 
methylation at Rasgrf1. 
In previous studies, exporting the Rasgrf1 ICR to the Wnt1 locus led to 
hypomethylation of the mutant allele in sperm, but hypermethylation in somatic 
tissue after fertilization (Taylor et al, 2016). Though sperm methylation of the 
modified Wnt1 allele was higher than sperm methylation at the tm5.1 allele, we 
determined if expression of pitRNA by TetO induction of the tm5.1 allele could 
enable methylation in somatic tail DNA of progeny after paternal transmission. 
In all tail samples tested, the tm5.1 allele remained unmethylated regardless of 
which transactivator was used to control pitRNA (Fig 3a-b). These findings 
demonstrated that like methylation in the male germline, methylation in 
somatic tissue of offspring after paternal transmission is not enabled by 
pitRNA expression alone. Instead, and consistent with findings from the Wnt1 
mutant allele, additional features of the repeats, beyond their control of pitRNA 
expression, are necessary for methylation. 
Figure 3. TetOFF-mediated transactivation does not affect tm5.1 DMR 
methylation in neonatal tail. a) Targeted bisulfite analysis of WT and tm5.1 
DMRs in neonatal tail gDNA; pedigree shown at top. tm5.1 is hypomethylated 
regardless of parental descent and presence of TetOFF. The WT DMR is 
methylated depending on parent of origin—if inherited maternally, the wild type 
DMR is hypomethylated; if inherited paternally, the wild type DMR is 
hypermethylated. Two biological replicates for all genotypes are shown (#1 
and #2) except for the TetOFF:tm5.1/+ genotype, where one animal is shown. 
b) Targeted bisulfite analysis of 5.1/+, tm5.1/TetON, and TetON/tm5.1 neonatal 
tail gDNA. In all genotypes, tm5.1 DMR is hypomethylated; as expected, the 
wild-type DMR is methylated if inherited paternally as in tm5.1 and 
tm5.1/TetON animals and hypomethylated if inherited maternally as in 
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TetON/tm5.1 animals. Reads for two animals (#1 and #2) per genotype are 
shown. **, p < 10-3; ***, p < 10-6; n.s., not significant. 
 
 
II.D.6 tm5.1 transactivation and pitRNA induction leads to widespread 
activation of neighboring genes. 
We expanded our initial analysis of methylation by characterizing 
expression states of Rasgrf1 and nearby loci in mice carrying the tm5.1 allele. 
Rasgrf1 expression in neonatal brain requires either methylation of the DMR, 
which is a methylation-sensitive enhancer blocker, or ectopic insertion of an 
enhancer proximal to the Rasgrf1 promoter (Yoon et al, 2005). We found that 
TetOFF-mediated tm5.1 induction led to a tenfold upregulation of Rasgrf1 in 
neonatal brain relative to wild-type regardless of the parental origin of the 
tm5.1 allele (Fig 4a-c). Sequencing of Rasgrf1 RT-PCR products revealed that 
while TetOFF:+/tm5.1 animals that inherit tm5.1 paternally, expressed Rasgrf1 
solely from the paternal tm5.1 allele, TetOFF: tm5.1/+ animals that inherit 
tm5.1 maternally, expressed Rasgrf1 from both the maternal and paternal 
alleles at a ratio of approximately 9:1, supporting a tenfold upregulation of 
 73 
Rasgrf1 from the transactivated tm5.1 allele but continued Rasgrf1 expression 
from the paternal wild-type allele (Fig 4c, Fig S6a). We observed similar 
effects with TetON transactivator. Though the magnitude was lower, TetON 
also activated Rasgrf1 expression from the maternal tm5.1 allele (Fig 4 d-f).  
Figure 4. Transactivation of tm5.1 upregulates Rasgrf1 expression from 
tm5.1 in neonatal brain. a) Pedigrees shown for b) and c). b) Rasgrf1 
expression is upregulated ten-fold in the brains of both TetOFF:+/tm5.1 and 
TetOFF:tm5.1/+ neonates. Rasgrf1 is significantly downregulated in +/tm5.1 
animals, who inherit tm5.1 paternally, but unaffected in tm5.1/+ animals, who 
inherit a WT allele paternally. TetOFF:+/+ animals express Rasgrf1 at WT 
levels. Error bars represent standard error across biological triplicate at 
minimum. Rasgrf1 expression levels are normalized to Rpl32. c) Parental 
allele expression in neonatal brains of animals carrying tm5.1, TetOFF, or WT 
alleles. Allelic expression key at far right. tm5.1 was generated on a 129 
background and carries 129 SNPs; TetOFF is carried on a C57Bl/6 
background and carries C57Bl/6 SNPs. Bars represent C57Bl/6 vs. 129 reads 
from MiSeq libraries prepared from RT-PCR product that spans two 
polymorphisms within Rasgrf1 coding sequence. Products were sequenced to 
a minimum of 15 reads per animal and are depicted here as a percentage of 
total reads averaged across biological duplicates at minimum. Rasgrf1 
expression in TetOFF:+/tm5.1 animals, who inherit tm5.1 paternally, is 100% 
paternal (129) due to zero contribution from the normally silent maternal WT 
allele. In TetOFF:tm5.1/+ animals, who inherit tm5.1 maternally, Rasgrf1 
expression is largely maternal (129) due to massive transactivation of tm5.1. 
However, 10% of Rasgrf1 expression sequence contain C57Bl/6 SNPs, 
indicating that the paternal WT allele continues to be expressed. d) Pedigree 
for e) and f). e) TetON/tm5.1 animals express Rasgrf1 at roughly 75% of wild-
type; tm5.1/TetON animals express insignificantly different levels of Rasgrf1 
relative to wild-type. +/tm5.1 animals express severely reduced levels of 
Rasgrf1. Animals inheriting TetON without tm5.1 express Rasgrf1 at wild-type 
levelsError bars represent standard error across biological triplicate at 
minimum. Rasgrf1 expression levels are normalized to Rpl32. f) Parental 
allelic expression in TetON/tm5.1, tm5.1/TetON, and tm5.1/+ animals. Rasgrf1 
allelic expression in transactivated and non-transactivated tm5.1 animals. 
Percentages reflect averages of at least biological duplicates. TetON/tm5.1 
animals, who inherit tm5.1 paternally, express solely from the tm5.1 (129) 
allele. tm5.1/TetON animals express biallelically, reflecting activation of both 
the maternal tm5.1 (129) and paternal WT (C57Bl/6) alleles. Percentages 
reflect averages of at least biological duplicates. tm5.1/+ animals show 100% 
paternal expression from the WT (C57Bl/6) allele. *, p < 0.05; **, p < 0.01; ***, 
p < 10
-6
. 
 74 
 75 
Figure S6. Transactivation of tm5.1 with TetOFF induces Rasgrf1 
expression from the tm5.1 allele, but does not impart tm5.1 DMR 
methylation or affect WT DMR methylation. a) AciI digestion of PDS 245-6 
endpoint RT-PCR product in using neonatal brain RNA from progeny of 
TetOFF females x tm5.1 males, and tm5.1 females x TetOFF males. Pedigree 
at left: TetOFF: +/tm5.1 animals express from the paternal tm5.1 allele, 
whereas WT and TetOFF: tm5.1/+ animals express from the paternal WT 
(C57Bl/6) allele and +/tm5.1 animals express biallelically. Pedigree at right: 
AciI digestion suggests expression solely from the maternal tm5.1 (129) allele 
in TetOFF:tm5.1/+ animals, though sequencing as shown in Fig 3b define 
predominantly paternal expression. tm5.1/+ animals express normally from the 
paternal WT (C57Bl/6) allele. b) COBRA for the tm5.1 and WT DMRs in tail 
DNA of TetOFF: +/tm5.1 and TetOFF: tm5.1/+ animals. The WT DMR is 
unmethylated if inherited maternally (animal at left) but fully methylated, as 
evidenced by complete digestion of PCR products, if inherited paternally 
(animal at left). The tm5.1 DMR is hypomethylated regardless of parental 
mode of inheritance.  
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The Rasgrf1 locus lies within two annotated regions of chromatin 
interaction as shown by cohesin ChIA-PET (Dowen et al, 2014) (Fig 5a). To 
define the extent of TetOFF-mediated transactivation and its relationship to the 
bounds of known regions of interaction, we queried the effects of TetOFF on 
other transcripts within the interacting regions. The noncoding transcripts 
immediately adjacent to the tm5.1 DMR and the Tet Operator, AK029869, 
A19, and an annotated ATOH binding site (ATOHe) were upregulated in both 
TetOFF:+/tm5.1 and TetOFF:tm5.1/+ animals. Interestingly, while TetOFF: 
+/tm5.1 animals displayed insignificant transcriptional changes in more distant 
genes Ankrd34c and Ctsh in neonatal brain, TetOFF: tm5.1/+ animals 
displayed significant downregulation of these transcripts (Fig 5b). This 
downregulation was even more dramatic in neonatal testes (Fig 5c). These 
findings reveal that the effects of the TetOFF transactivator perturbs regional 
transcription in a manner dependent on chromatin boundaries.   
Figure 5. Regional transcription is perturbed in TetOFF: +/5.1 and 
TetOFF: 5.1/+ brain and testes. a) Two regions of chromatin interactions 
(black bars) are annotated at the Rasgrf1 locus as predicted by cathepsin 
ChiA-PET (Dowen et al, 2014); locations are shown relative to the genes 
indicated below in b. Lengths of each predicted interaction are shown in 
kilobases (kb) within each bar. b) Log10 expression of nine transcripts from 
chr9:89,60,000-90,100,000 are shown; these are displayed left to right as they 
are located 5’ to 3’. In brain, TetOFF exerts dramatic upregulation of Rasgrf1 
and nearby transcripts AK015891, AK029869, and an annotated ATOH1 
binding site 3’ of the Rasgrf1 repeats (ATOHe) in mice with both paternally and 
maternally inherited tm5.1. However, distant transcripts Tmed3 and Ctsh are 
downregulated modestly in brains of offspring inheriting tm5.1 maternally. c) 
Log10 expression of four transcripts (a subset of the nine assayed in brain) in 
neonatal testes. While ATOHe and Ctsh are upregulated when tm5.1 is 
transactivated and paternally inherited, Ankrd34c, ATOHe, and Ctsh are 
downregulated when tm5.1 is transactivated and inherited maternally. All 
expression data are relative to Rpl32. Color Key at lower right. *, p < 0.05; **, 
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p < 0.01; ***, p < 10
-6
. 
 
 
 
II.D.7 pitRNA loading of oocytes does not produce paramutation 
Previously, our lab described a paramutation-like phenomenon at 
Rasgrf1 associated with the Rasgrf1tm3.1PDS allele (Tm3.1), in which the 
repeats were replaced by the imprinting control region (ICR) of Igf2r (Herman 
et al, 2003). Progeny carrying a paternal Tm3.1 allele exhibited a derepression 
of the maternal allele, as interpreted from endpoint RT-PCR; and further, some 
wild-type offspring of +/Tm3.1 females demonstrated continued depression of 
the maternal allele, though they lacked the original paternal allele that incited 
the derepression. This intergenerational effect is a key feature of 
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paramutation. The Igf2r sequences in the Tm3.1 allele harbors the promoter 
for Air, a non-coding RNA that regulates imprinted expression at the locus 
(Sleutels et al, 2002). Its presence and orientation in the Tm3.1 allele could 
impart novel expression patterns of the pitRNA; accordingly, we hypothesized 
that the intergenerational, paramutation-like effects could involve oocyte 
loading of pitRNA. To test this hypothesis, we treated females carrying the 
tm5.1 allele, and the TetON activator, with intraperitoneal dox for three days, 
which led to oocyte pitRNA levels approximately 90-fold higher than in wild-
type mice (Fig S8a). Females subjected to these treatments were bred to wild-
type males, and maintained on dox chow for the duration of pregnancy—as 
such, their TetON:+/tm5.1 offspring were informative for somatic effects of 
pitRNA induction in oocytes as previously described (Fig 5, Fig S7). 
Additionally, their wild-type, TetON:+/+, and +/tm5.1 offspring were 
informative for determining if pitRNA loading in oocytes could induce 
paramutation. In none of these offspring born to mothers with pitRNA 
preloaded in their oocytes did we observe effects on imprinting status or 
expression levels of Rasgrf1 (FigS8c, d). COBRA analysis of the maternal 
tm5.1 allele transmitted by oocytes preloaded with pitRNA showed that it 
remained hypomethylated (Fig S8e). We concluded that preloading oocytes to 
nearly 100-fold levels of pitRNA relative to wild-type was insufficient to induce 
transgenerational effects. 
Figure S7. Transactivation of tm5.1 with TetON and doxycycline induces 
expression of Rasgrf1 from the tm5.1 allele, but does not impart 
methylation to the tm5.1 DMR or affect expression of methylation of the 
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WT allele. a) AciI digestion of PDS 245-6 endpoint RT-PCR product in the 
offspring of a TetON x tm5.1 cross. TetON: +/tm5.1 animal express from the 
paternal tm5.1 (129) allele, whereas WT and TetON:+/+ animals express from 
the paternal WT (C57BL/6) allele and +/tm5.1 animals express biallelically. b) 
AciI digestion of PDS 245-6 endpoint RT-PCR product in the offspring of a 
tm5.1 x TetON cross. TetON: tm5.1/+ animals express Rasgrf1 biallelically, 
indicating activation of the maternal tm5.1 allele in addition to the normally 
active paternal WT allele. tm5.1/+, TetON: +/+ and WT animals express 
paternally from the WT allele. c) COBRA for the tm5.1 and WT DMRs in tail 
DNA of TetOFF: +/tm5.1 and TetOFF: tm5.1/+ animals. The tm5.1 DMR is 
hypomethylated regardless of parental origin. The WT DMR is unmethylated if 
inherited maternally (animal at left) but fully methylated, as evidenced by 
complete digestion of PCR products, if inherited paternally (animal at right). 
 
 
Figure S8. Oocyte preloading of pitRNA to 90X wild type levels has no 
effect on Rasgrf1 expression in wild-type offspring. a) pitRNA levels 
induced by TetON/tm5.1 and TetOFF/tm5.1 oocytes. Error bars represent 
standard error across biological duplicates with the exception of the 
TetOFF/Tg condition (technical replicates of a single animal). b) RT-PCR for 
Zp3, an oocyte-specific transcript, was used to confirm isolation of oocytes. c) 
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The pedigree shown was used to determine if oocyte loading of pitRNA could 
produce intergenerational activation of the maternal Rasgrf1 allele. pitRNA 
was induced in oocytes of a TetON: +/tm5.1 female by IP injection of 
doxycycline for three days prior to mating; doxycycline-containing chow was 
provided throughout pregnancy. Activation of the maternal allele in neonatal 
brains of offspring was used to report intergenerational effects, with allele-
specific expression assayed by AciI digestion of RT-PCR products. 
tm5.1tm5.1All mice tested expressed only the paternal allele. d) Rasgrf1 levels 
in brains of animals depicted directly above in c). Error bars represent 
standard error across biological duplicates at minimum. e) COBRA of the wild-
type allele in WT, TetON/+, and tm5.1/+ tails from three representative animals 
from d) (purple trapezoids). The WT DMR is partially methylated in WT and 
TetON: +/+ animals (having inherited two WT DMRs) and fully methylated in 
the tm5.1/+ animal (having inherited the WT DMR paternally); the tm5.1 DMR 
is hypomethylated in this animal. Pale horizontal bar in the top third of each 
panel represents the dye front. ** p < 0.01; n.s., not significant; IP, 
intraperitoneal. 
 
 
II.E Discussion 
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II.E.1 The pitRNA is insufficient to impart establishment of DNA 
methylation at Rasgrf1. 
Many investigators have sought to identify cis-elements that direct DNA 
methylation with some notable successes (Chotalia et al, 2008; Frohlich et al, 
2010; Kantor et al, 2004; Pant et al, 2003; Pant et al, 2004; Yoon et al, 2002). 
We previously characterized a cis-element at the Rasgrf1 locus, a series of 
tandem repeats 30 kb upstream of the Rasgrf1 coding sequence that is 
required for imprinted methylation and expression of Rasgrf1. More recently, 
we identified a lncRNA, the pitRNA, as a potential link between the Rasgrf1 
repeats and the establishment of methylation at the Rasgrf1 DMR. We have 
demonstrated that pitRNA transcription is contingent upon the Rasgrf1 
repeats, that the pitRNA is targeted by the piRNA pathway, and that 
components of the piRNA pathway are necessary for full methylation on the 
paternal allele. However, it was not known if the pitRNA transcription from the 
Rasgrf1 DMR was sufficient for its methylation in cis, or if the Rasgrf1 repeats 
have any pitRNA-independent functions important for methylation. 
In general, the effect of lncRNAs versus their cis-elements have proven 
difficult to uncouple: Indeed, reviews discuss the utility of full gene knockout 
vs. premature termination of the lncRNA transcript vs. lncRNA knockdown (Li 
et al, 2014; Goff et al, 2015) in parsing these two distinct elements. In the past 
year, many have achieved separation of the lncRNA and its cis-element 
through truncation of the lncRNA transcript while keeping the cis element 
intact (Yin et al, 2015; Paralkar et al, 2016; Amândio et al, 2016; Engreitz et al, 
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2016). These investigators have, with few exceptions, reported a largely 
insignificant effect on target gene expression and/or phenotype upon loss of 
the lncRNA transcript. We took a converse approach, where we removed the 
cis element and retained the pitRNA sequence, driving it with the inducible Tet 
Operator.  
Using the TetON and TetOFF transactivators, we achieved induction of 
pitRNA in the male germline at physiological levels. We found that the tm5.1 
DMR was almost always hypomethylated in the gonocytes of transactivated 
male embryos. Of nine male embryo gonad samples analyzed, one did display 
partial gonocyte and somatic methylation of tm5.1. This frequency (roughly 
11%) is consistent with the frequency of DMR methylation observed in 
systems lacking the repeats (tm5.1 as discussed here, and tm1). pitRNA 
expression from the TetO also failed to enable methylation in mature sperm, or 
in somatic DNA of progeny inheriting the tm5.1 allele from their fathers. We 
therefore conclude that the pitRNA is insufficient to impart DNA methylation in 
cis and that methylation requires critical functions in the repeats, separate 
from pitRNA regulation (Fig 6a, c, e, g). 
We also examined the effects of the tm5.1 allele transactivation on 
methylation state of the somatic cell lineage. We used both TetON and 
TetOFF in conjunction with tm5.1 and found that tm5.1 remained 
hypomethylated in neonatal tail, consistent with an intrinsic role for the repeats 
in the maintenance of somatic DMR methylation through the epiblast stage 
(Fig 6b, d, f, h).  
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Finally, we utilized the tm5.1 allele to query whether previously 
observed intergenerational effects could be due to oocyte preloading of the 
pitRNA. Others have reported that gametic loading of RNAs could impart such 
effects to the next generation (Rassoulzadegan et al, 2006; de Vanssay et al, 
2012Error! Bookmark not defined.). We achieved oocyte pitRNA levels up to 
90-fold greater than wild-type by intraperitoneal doxycycline administration, 
however, this produced no effects on imprinted Rasgrf1 expression or 
methylation in the wild-type offspring of females subjected to oocyte 
preloading of pitRNA.  
In generating the tm5.1 allele, we sought to recapitulate the Rasgrf1 
locus with a single difference: The presence or absence of the cis-element, 
retaining all other aspects of local chromatin context and ensuring availability 
of potential interacting factors. However, this system may not eliminate all 
confounding variables. The data shown here reflect a constant level of pitRNA 
expression from the tm5.1 allele due to 1) constitutive expression and binding 
of TetOFF or 2) steady maternal dox administration in dox chow and therefore 
binding of TetON to TetO: As such, this system may not fully mimic pitRNA 
dynamics in vivo. Discrete temporal windows of pitRNA induction are possible 
using the TetON system, and could be a route for further investigation. 
However, other data from our lab using a different targeted allele indicate that 
the Rasgrf1 repeats can impart methylation at its associated DMR even with 
minimal pitRNA expression (Taylor et al, 2016). Though these studies were 
performed at the Wnt1 locus rather than the endogenous Rasgrf1 locus, a 
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pitRNA-independent role for the repeats in imparting germline methylation at 
the DMR is supported in both the Wnt1DR and Rasgrf1tm5.1PDS systems. 
Our data uncover another facet of the mechanism that directs 
methylation of Rasgrf1. A role for the pitRNA and the piRNA pathway for 
methylation at Rasgrf1 has been defined. Our lab has previously 
demonstrated pitRNA is processed into secondary piRNAs, and genetic 
knockout of known piRNA factors MitoPLD and Mili lead to extensive, though 
incomplete, loss of methylation at Rasgrf1. The recently discovered male 
germline-specific Dnmt3 isoform, Dnmt3c, has been strongly implicated as the 
DNA methyltransferase that establishes DNA methylation at Rasgrf1 and 
certain classes of transposable elements (Barau et al, 2016). However, from 
the work presented here, we conclude that the pitRNA is insufficient for 
targeting and methylation of the Rasgrf1 DMR. As such, it is possible that two 
mechanisms, one pitRNA-dependent and one pitRNA-independent, are at 
play. While at this point our lab has demonstrated that the Rasgrf1 repeats are 
necessary, and that the pitRNA alone is insufficient, to impart DMR 
methylation at Rasgrf1, future studies that query the necessity of the pitRNA 
rather than its sufficiency are merited. As demonstrated by colleagues cited 
previously, a viable method to query pitRNA necessity would be the insertion 
of a polyA cassette downstream of the pitRNA transcriptional start site but 
preceding the DMR, thereby resulting in truncation of the pitRNA while leaving 
the Rasgrf1 repeats and DMR intact. 
Considering a potential pitRNA-independent role for the repeats, the 
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fact that a low frequency of paternal methylation and expression persists in 
tm5.1 and tm1 animals also bears discussion. Data from tm5.1 allele that this 
is a stochastic—that in 10-20% of animals lacking the repeats, the DMR 
accrues methylation. In light of this observation, we propose that the repeats 
act by increasing the probability that the DMR is targeted for methylation, 
analogous to the activity of the Xite element at the X-Inactivation Center. Xite 
is known to mediate the probability with which an X chromosome undergoes X 
chromosome inactivation, but does not require active transcription to influence 
X-chromosome choice (Ogawa Y et al, 2005). Rather, Xite is an enhancer for 
the lncRNA Tsix (Stavropoulos et al, 2005) and participates in spatial and 
transcriptional partitioning of the X inactivation center (Nora et al, 2012; Tsai et 
al, 2008). 
The mechanism by which the repeats might act in a similar manner to 
Xite remains in question, though our lab’s work in combination with many 
others provide some clues. The repeats are a highly repetitive, GC-rich 
element, which in and of itself may be sufficient to recruit methylation (Zhang 
et al, 2012; Quilez et al, 2016) which may then spread into the DMR, possibly 
in a manner dependent on pitRNA expression. In addition, the repeats harbor 
two canonical binding sites for the transcription factor Sp1, which besides its 
known role in the regulation of gene expression (O’Connor et al, 2016), can 
mediate chromatin structure through the recruitment of chromatin remodeling 
factors (Suzuki et al, 2000; Zhao et al, 2003) and mediating enhancer-
promoter interactions (Deshane et al, 2010; Sumimoto et al, 2012).  
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Sp1 is known to bind the secondary DNA structure G-quadruplexes 
(Todd et al, 2008; Raiber et al, 2012), which the Rasgrf1 repeats are predicted 
to form, as well as its canonical sequence. Recently, a G4 was characterized 
at the imprinted H19 locus. Binding of Sp1, in conjunction with the G4, 
suppresses H19 transcription (Fukuhara et al, 2017). To our knowledge, G-
quadruplex formation at other imprinted loci beyond H19 has not been 
investigated. However, differential G4 formation in the maternal and paternal 
germlines could be a platform upon which the distinct chromatin states 
observed at the maternal and paternal DMRs are built. 
In addition, our lab has previously shown that, at the Rasgrf1 DMR, 
H3K27Me and DNA methylation are mutually antagonistic (Error! Bookmark 
not defined.Lindroth et al, 2008); H3K27Me deposition on the maternal 
chromosome is mediated by YYI and PRC2, which has been demonstrated in 
Drosophila (Brown et al, 2005) and predicted in silico in mammals (Bengani et 
al, 2007) to interact with Sp1 binding sites. 
The role of other factors required for parent-of-origin specific DNA 
methylation must also be considered. The GHKL ATPase Morc1 is a known 
repressor of transposable elements in the embryonic male germline; Morc1-
null mice are hypomethylated at the Rasgrf1 DMR (Pastor et al, 2014) and in 
Arabidopsis interacts with the SUVH2 and SUVH9 histone methyltransferases 
to effect gene silencing (Liu et al, 2014). While the KRAB-domain containing 
zinc-finger binding protein ZFP57 and its cofactor Trim28 (Quenneville et al, 
2011) are typically thought of as an imprinting maintenance mechanism; loss 
 87 
of zygotic Trim28 disrupts imprinting at Rasgrf1 along with many other 
maternally and paternally imprinted loci (Alexander et al, 2015). Interestingly, 
KRAB-domain ZFP binding can also trigger de novo DNA methylation during 
mouse embryogenesis (Wiznerowicz et al, 2007), and in human, Trim28 is 
demonstrated to have broader roles in the transcriptional repression of 
transposable elements (Turelli et al, 2014). It is quite plausible that these 
factors could also be recruited either directly via DNA binding capacity or 
indirectly via histone marks to impart DNA methylation at the Rasgrf1 DMR. 
II.E.2 Additional considerations for the study of imprinted loci. 
 
Our experiments also highlight an important technical consideration for 
the field. End-point PCR followed by allele-specific restriction digest as a 
measure of parent-of-origin expression must be supported with quantitative 
data. By end-point RT-PCR followed by allele-specific restriction digest, 
TetOFF-mediated transactivation of maternally inherited tm5.1 appears to fully 
reverse imprinting, with maternal-only bands upon gel electrophoresis (Figure 
S7). Similar data have previously been interpreted as a silencing of the 
paternal allele in trans (Brideau et al, 2010). However, sequencing of Rasgrf1 
cDNA of tm5.1/+:TetOFF neonatal brain demonstrates that roughly 10% of 
total Rasgrf1 reads are paternal in origin, suggesting that the wild-type 
paternal allele continues to express Rasgrf1 at wild-type levels, and is not 
silenced in trans. 
Similarly, end-point analysis of +/tm5.1 animals lacking a 
transactivating allele reveals biallelic expression. While this could be 
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interpreted as a possible trans effect of the paternally inherited tm5.1 allele 
exerting effects on the maternally inherited and normally transcriptionally silent 
WT allele, qPCR of Rasgrf1 in these animals demonstrates severely reduced 
Rasgrf1, suggesting instead that, in the tm5.1 system, biallelic expression 
reflects minimal transcription. 
II.E.2 Neighboring gene activation in response to transactivation. 
 
An unexpected outcome of this work includes a local effect of TetOFF-
mediated transactivation of tm5.1. Interestingly, effect boundaries are reflected 
with chromatin interaction boundaries defined by cohesin ChiA-PET (Dowen et 
al, 2014). Two regions of interaction are defined which, given the diverse 
effects observed depending on parental inheritance of tm5.1, we propose 
represent the maternal and paternal alleles; maternal and paternal specific-
effects of tm5.1 transactivation are observed in both neonatal brain and testes. 
While the TetOFF protein could act in a number of mechanisms, a strong 
possibility could involve enhancer competition, where the transactivated Tet 
Operator could act as an enhancer itself, hijacking transcription factors from 
neighboring enhancers. Indeed, TetOFF in conjunction with the Tet Operator 
has been used for just that purpose (Rose et al, 1997). These widespread 
transcriptional changes were not observed in TetON:+/tm5.1 tissues (data not 
shown), suggesting that these widespread effects may be restricted to the 
TetOFF system. While this finding was not an objective of our study, it 
emphasizes the considerations that should be taken when interpreting 
transcriptional effects using potent transactivating systems such as the 
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TetOFF protein (Fig 6, outset). 
FIGURE 6. Working model for regulation of methylation at Rasgrf1 in the 
male embryonic germline and neonatal brain. For neonatal brain, only the 
paternal allele is depicted. a) At the wild type Rasgrf1 DMR, the Rasgrf1 
repeats (yellow triangles) drive expression of the pitRNA antisense to the DMR 
(transcription depicted by green arrow) and increase the likelihood that the 
DMR is hypermethylated (filled lollipops), likely by Dnmt3c, in the male 
germline. b) Rasgrf1
tm1PDS 
(tm1) lacks the Rasgrf1 repeats (open brackets). 
pitRNA is not expressed and methylation is not established at the DMR in the 
germline (open lollipops). c) Rasgrf1
tm5.1PDS
 (tm5.1) is not methylated in the 
male germline. d) Rasgrf1
tm5.1PDS
 transactivation with TetOFF (orange half 
circle labelled TA) induces pitRNA expression but does not impart methylation 
to the tm5.1 DMR. e) In neonatal brain, Rasgrf1 is paternally methylated and 
expressed. f, g) tm1 and tm5.1 brains have severely decreased Rasgrf1 
expression. h) transactivation of tm5.1 causes strong upregulation of Rasgrf1 
but the tm5.1 DMR remains hypomethylated. Outset: TetOFF-mediated 
transactivation of tm5.1 affects nearby transcription differentially depending on 
parental inheritance (blue and pink lines). Upregulated and downregulated 
genes are depicted by red and blue boxes respectively; unchanged genes are 
depicted in gray. TetO and DMR are connoted by the pink and green boxes 
respectively; TetOFF binding is indicated by the orange half circle. 
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In conclusion, our data support the existence of a second, pitRNA-
independent mechanism for DNA methylation at Rasgrf1. We propose a cis-
acting mechanism by which the repeats increase the probability of methylation 
in the paternal germline. Future studies could examine the necessity of the 
pitRNA as well as the role of the Rasgrf1 repeats in promoting chromatin 
conformation and structure. 
II.F Materials and Methods 
Primer sequences for all analyses are listed in Table S1. 
TetO vector generation: We modified pYP1, which carries the DMR 
and Rasgrf1 repeats, and 4 kb of homologous flanking sequence (Park et al, 
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2012) to carry seven copies of the Tet Responsive Element (collectively 
termed TetO) in place of the Rasgrf1 repeats as follows. The Rasgrf1 repeats 
were removed via restriction digest with ClaI and MluI; sticky ends were 
blunted with Klenow; the plasmid backbone was gel purified and then ligated 
closed generating pDHT2. pDHT2 and pPX3, a vector containing the Tet 
Operator, were digested with NheI, and linearized pDHT2 was ligated to the 
TetO sequences, generating pDHT3, which was confirmed by Sanger 
sequencing. The 3’ homologous arm of pDHT3 was then shortened to 
approximately 1kb by restriction digest with BsrGI and SfiI to generate pETC6, 
which was linearized with PciI prior to lipofection into ES cells. 
CRISPR/Cas9-mediated generation of TetOtg, TetO𝝙tg, 
Rasgrf1tm5.0PDS and Rasgrf1tm5.1PDS: pX330 (Addgene Plasmid # 42230) was 
modified to carry PDS 2195-6, a complementary primer pair coding for an 
sgRNA targeting the Rasgrf1 repeats, following the Zhang lab protocol (Cong 
et al, 2013) to generate pX330-rep5. PDS 2195-6 was designed using the 
CRISPR Design Tool (http://crispr.mit.edu:8079/). To effect homology directed 
repair at the Rasgrf1 locus, v6.5 embryonic stem cells (Eggan et al, 2001) 
were lipofected with linearized pETC6 and pX330-rep5 with Lipofectamine 
2000, following the manufacturer’s protocol. Cells were allowed to recover 
overnight, then treated for 10 days with 300 ug/mL G418 (Sigma A1720). 
Colonies were picked and genotyped with PCR 2359-8 and PDS 2344-2263, 
which generate a product only from the targeted allele (Rasgrf1tm5.0PDS) and 
PDS 2757-8, an internal PCR for TetO, to detect cells harboring a randomly 
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inserted vector that provided the transgenic (Tg) model. tm5.0 was further 
confirmed by Southern blot (Yoon et al, 2002). 
TetOTg and Rasgrf1tm5.0PDS ES cells were microinjected into B6(Cg)Tyrc-
2J/J blastocysts by the Cornell University Transgenics Core. 22 chimeras were 
recovered. Germline transmission was confirmed by diagnostic crosses to 
FVB/N females and PCR with PDS 2757-8. Chimeras were crossed with mice 
constitutively expressing FlpE recombinase (JAX Strain 003800) to generate 
Rasgrf1tm5.1PDS and TetO𝝙Tg. Recombination was confirmed by Sanger 
sequencing of PDS 2262-3 PCR products, which spans the neo resistance 
cassette and frt sites. 
Generation of TetOFF mice: To produce mice that constitutively 
express the tet transactivator (TetOFF), mice carrying a tTA transgene 
preceded by a floxed neomycin-polyadenylation cassette (pA-TetOFF, JAX 
Strain No 011008) were crossed with mice constitutively expressing Sox2-Cre 
(JAX Strain No 008454). Recombination and subsequent loss of the neomycin 
resistance cassette was confirmed by endpoint PCR with PDS 2794-5, 
followed by Sanger sequencing. PDS 2794-5 sequences were supplied by 
Bruce Morgan (Chi et al, 2013). 
Induction of pitRNA: TetOFF: TetO𝝙 and tm5.1 mice were crossed to 
TetOFF mice. Induction of pitRNA expression was validated in adult and 
neonatal tissues using PDS 2266-7. 
TetON: Female mice were injected with 0.01 mg/g body weight of 0.01 mg/mL 
doxycycline hyclate (Sigma D9891) intraperitoneally every 24 hours for three 
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days as a preloading phase, then bred. Breeding pairs were fed 200 mg/kg 
doxycycline chow (BioServ S3888) for the duration of pregnancy. Induction of 
pitRNA expression was validated in all tissues by endpoint and qRT-PCR 
using PDS 2266-7 and PDS 2916-7, a primer pair specific for pitRNA 
produced from the tm5.1 allele. 
Allele-specific analysis of Rasgrf1 expression: Neonatal brains were 
collected at postnatal day 2; the olfactory bulbs were visually identified under 
dissection microscope and discarded. Other tissues were collected by gross 
dissection. Tissues were snap frozen in liquid nitrogen, then submerged in 1 
mL Trizol. Tissues were homogenized using a Biospec Mini-Bead Beater-8 
using 1 3mm steel bead in XXTuff Microvials (BioSpec XX0TX). Total RNA for 
all samples was processed via the Trizol protocol (Thermo Fisher Scientific 
15596018). RNA was DNAse treated, random primed, and reverse transcribed 
using Promega RQ1 DNAse and RQ RTase (Promega M6101 and A5003 
respectively) following the manufacturer’s protocol. RT-PCR was performed 
with PDS 245-6 (95ºC 2min, 40 cycles of 95ºC 30s, 60ºC 30s, 72ºC 30s, 
72ºCC 7min using Promega GoTaq in a volume of 25 uL (Promega M3001). 
For allele-specific restriction digest: 20 uL of PCR product was digested with 
2.5U AciI. Digestion products were separated by electrophoresis on a 4% 
agarose gel. For allele-specific read quantification: End-point PCR samples 
were submitted for sequencing in MiSeq libraries as described below in. 
Targeted sequencing analysis. Read quantification for Rasgrf1-specific 
expression was performed on trimmed samples with the grep and wc 
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functions. Grep sequences are listed in Table S4. MGI SNP IDs and flanking 
sequences are listed in Table S5. 
qRT-PCR and heat map generation: qRT-PCR was performed in 20 
uL reactions using SYBR Green Master Mix (CAT 4367659) on a Biosystems 
7500 with annealing temperature 60ºC for forty cycles followed by a 
dissociation stage. The following primer pairs were used: PDS 2266-7 for 
general pitRNA expression; PDS 2916-7 for TetO-pitRNA expression; PDS 
2877-8 for Rasgrf1 expression; PDS 72-3 for Rpl32 expression; PDS 2719-8 
for ATOHe expression; PDS 3211-2 for Ctsh expression; PDS 2178-9 for 
Ankrd34c expression. Heat maps were generated in R (Gentleman et al, 
2004). 
Gonocyte collection: Females were checked for plugs, weighed to 
confirm pregnancy, and sacrificed at gestational day 16.5. Gonocytes from 
male embryos were collected as previously described (Watanabe et al, 2011) 
with some modifications. Briefly, embryonic testes were collected and 
incubated in 50 uL 0.25% trypsin for 10 minutes. Samples were then triturated 
and visually inspected for tissue disaggregation. Incubation and trituration 
were repeated up to two times until full disaggregation was achieved; any 
remaining clumps were manually removed. Samples were then transferred to 
McCoy’s basic medium supplemented with FBS and pre-plated for 1.5 hours. 
Suspended germ cells were harvested, pelleted at 300 x g for 8 minutes, then 
processed for RNA and DNA. We validated the purity of gonocytes by bisulfite 
sequencing of Igf2r, which is expected to be extensively hypomethylated in the 
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male germline (Wutz et al, 1997Error! Bookmark not defined.). 
Oocyte collection: 28 to 42 day old females were superovulated with 5 
IU human chorionic gonadotropin (Millipore 367222) followed by pregnant 
mare serum gonadotropin (Millipore 230734) 48 hours later. Oocytes were 
collected the next morning via standard methods (Duselis et al, 2007) and 
processed for total RNA via Trizol. Oocyte recovery was evaluated using RT-
PCR primers for Zp3 (PDS 2212-3). 
Genomic DNA extraction from tails and cells: All DNA was collected 
via overnight incubation at 55ºC in Laird’s Lysis Buffer (Laird et al, 1991) and 
20 ug/mL Proteinase K followed by isopropanol precipitation and resuspension 
in TE. Scant gDNA samples, such as those from gonocytes, were co-
precipitated with 20 ug glycogen (Thermo Fisher R0551) and spun at 20,817 x 
g for 15 minutes. 
DNA extraction from sperm: The caudal epididymis and vas deferens 
of adult male mice were harvested and placed in PBS for 1 hr at 37ºC. Large 
tissue chunks were manually removed and the remaining sperm were pelleted 
at 400 x g for 12 minutes at 4ºC. Supernatant was discarded; the pellet was 
resuspended in the remaining supernatant and incubated with 1 mL somatic 
cell lysis buffer (Goodrich et al, 2007) for 1 hr on ice. Lysed samples were 
spun at 20,817 x g for 3 minutes at 4ºC and the supernatant was discarded. 
The sperm pellet was resuspended in remaining supernatant; 2 uL was mixed 
with Trypan Blue and examined microscopically for remaining somatic 
contamination. The remaining suspension was mixed with 500 uL Buffer RLT 
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(Qiagen 79216) and 150 mM DTT, then homogenized with 2 2mm steel beads 
following the protocol of Wu et al, 2014. DNA extraction then proceeded as 
described above. 
Bisulfite conversion, BS-PCR, and COBRA: Bisulfite conversion was 
performed using the Zymo Research EZ DNA Methylation-Lightning Kit (Zymo 
Research D5031). BS-PCR was performed with PDS 271-272 for the wild-type 
DMR, PDS 272-2627 for the tm5.1 or Tg DMR, PDS 2934-5 for the Igf2r DMR, 
and 271-287 for the tm1 DMR using NEB Epimark HotStart Taq DNA 
Polymerase (NEB M0590) following the following cycling parameters: 95ºC for 
30s, 40X (95ºC 15s, 55ºC 30s, 68ºC 30s) with the exception of PDS 271-287, 
where the annealing temperature used was 58ºC. COBRA was performed with 
primers PDS 271-272 after bisulfite treatment via direction addition of 5U of 
BstUI and digestion at 60ºC for 1 hour, followed by electrophoresis on a 4% 
agarose gel. In this assay, digestion products arise from methylated DNA; 
unmethylated DNA resists digestion. 
Targeted sequencing analysis: PCR products were pooled, column cleaned 
with the BioBasic EZ-10 DNA Columns (BioBasic BS427), eluted in 30 uL of 
Tris-HCl pH 8.0, and quantified via Nanodrop. NEBNext Universal Adaptors 
were ligated using T4 DNA Ligase in Quick Ligase Buffer in a total volume of 
22 uL at 25⁰C for 15 minutes. Self-ligated adaptors (adaptor dimer) was 
excluded with a 0.8X (2.55 uL) Agencourt AMPure XP bead cleanup 
(Beckman Coulter A63880) followed by 1X PEG-NACl buffer (25% PEG, 2.5 M 
NaCl in DEPC water) cleanup to exclude self-ligated adaptors. Barcodes were 
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added via PCR amplification for 20 cycles with Phusion HF (NEB M0530L) 
using NEBNext Multiplex Oligos for Illumina® (NEB E7335). Adaptor dimer 
was again excluded via 0.8X AMPure bead cleanup followed by a 1X PEG 
Buffer-NaCl cleanup using the same beads. Libraries were quantified using 
Qubit, and sequenced on a MiSeq 2000 Paired End 2 x 250bp at the Cornell 
University Genomics Core. Samples were evaluated for quality and trimmed to 
200bp with Trim Galore! (www.bioinformatics.babraham.ac.uk). Trimmed 
samples were probed for WT, tm5.1, or Igf2r DMR-specific sequences using 
the grep function; these reads were compiled into separate files and analyzed 
using QUMA (Kumaki et al, 2008). Animals with a minimum of ten reads were 
included for analysis. Total reads per amplicon per sample are listed in Table 
S2. Grep sequences and reference sequences for QUMA are listed in Table 
S3. 
Table S1. Primer sequences for all analyses described.  
 
Primer 
Name 
5’ – 3’ Sequence Purpose 
(Name) 
Notes 
PDS 2091 F caccGCAGCGGCAGCGC
TAGCGAC 
sgRNA pair 
targeting the 
Rasgrf1 
repeats 
 
PDS 2092 R aaacGTCGCTAGCGCTG
CCGCTGC 
 
PDS 2778 F TCGAGTGAAGACGAAAG
GGC 
tm5.1/TetO∆ 
internal PCR 
 
PDS 2779 R TATCCACTGTCCTCCAC
CCC 
 
PDS 2757 F TGCTGCTGCCGCTAAAG
ATA 
Tm5.0/TetO 
internal PCR 
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PDS 2758 R TGTACGGTGGGAGGCC
TATA 
 
PDS 2262 F CGAAAGGGCCTCGTGA
TACGC 
3’ junctional 
PCR for 
Tm5.0/1 
Phusion High 
Fidelity Taq 
(NEB M0530) 
in a 20 uL 
volume with 
High Fidelity 
Buffer; Ta = 
70ºC, te = 
30s, 35 
cycles. 
PDS 2263 R CAGAGCTTGCCCGCCA
CATT 
 
PDS 2344 F CGGAGAACCTGCGTGC
AATCCA 
3’ junctional 
PCR for 
Tm5.0; with 
2262 
PDS 2358 R TCGGTACCCGGGTCGA
GGTAGG 
5’ junctional 
PCR for tm5.1 
Phusion High 
Fidelity Taq in 
a 20 uL 
volume with 
High GC 
Buffer and 
3% DMSO; 
Ta = 68ºC, te 
= 30s, 35 
cycles 
PDS 2359 F CAGGGTCCTTCCTCAAG
GTTTTAGCA 
 
PDS 3052 F GTGGTCGAACAGCTCG
ATG 
PCR for 
TetOFF 
 
PDS 3053 R ACCAGCTGGCCTTCCTG
T 
 
PDS 2574 F gaaggcctgacgacaaggaa 
PCR for 
TetON 
 
PDS 2575 R gtcgcgatgtgagaggagag 
PDS 2794 F GTCCAGGGTTTCCTTGA
TGA 
Recombined 
TetOFF allele, 
spans 
neomycin 
resistance 
cassette. 
 te = 2 min 
PDS 2795 R ggagcgggagaaatggatatg  
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PDS 245 F ggctcatgatgaatgccttt Rasgrf1 cDNA 
(spans 
129/C57 
SNPs) 
 
PDS 246 R tacagaagcttggcgttgtg  
PDS 249 F acattcgcttcagcaaaacc Rasgrf1 gDNA 
(spans 
129/C57 
SNPs) 
 
PDS 251 R attggtgaagacgcgatagg  
PDS 2266 F ATCCGTGGCTACCGCTA
TTG qPCR - 
pitRNA 
general 
 
PDS 2267 R AGTCGTGGTAGTTGTAG
CGC 
 
PDS 2916 F CATAGAAGACACCGGG
ACCG qPCR - tm5.1-
specific 
pitRNA 
 
PDS 2917 R CTGCCGCGCTAAAGCT
GC 
 
PDS 72 F CATGCACACAAGCCATC
TACTCA 
qPCR - Rpl32 
 
PDS 73 R TGCTCACAATGTGTCCT
CTAAGAAC 
 
PDS 2877 F TGTTTTCCAGCAGCCAC
AAC 
qPCR - 
Rasgrf1 
 
PDS 2878 R GATGACGTCCCGATGG
CC 
 
PDS 3179 F CTGCAAAGCCAAAGGTA
AGGA 
qPCR - 
Ankrd34c 
 
PDS 3180 R TGGTGGTGACTGTCTAT
CTTCC 
 
PDS 3211 F ACCGTGAACGCCATAGA
AAAG 
qPCR - Ctsh 
 
PDS 3212 R TGAGCAATTCTGAGGCT
CTGA 
 
PDS 3277 F TTGCCTGAGTTGTGGAT
GGG 
qPCR – 
AK029869 
 
PDS 3278 R CATGGCTACCGGTGACA
CTT 
 
PDS 3283 F GAGCTGAGACCATTTGC
CCT 
qPCR - A19 
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PDS 3284 R GGCCTTACCTTCAGAAC
GCT 
 
PDS 3275 F AAAAGGTCCCCAGCCTT
AAA 
qPCR - 
ATOHe 
 
PDS 3276 R AGCACTGTCCCTGAACA
TCC 
 
PDS 3375 F GCTATGTGGAAGACCCC
AGG 
qPCR - 
Tmed3 
 
PDS 3376 R GAAGCAAAACCGGTAGA
CGC 
 
PDS 3381 F tgggaaacggcctttcatca 
qPCR - 
Adamts7 
 
PDS 3382 R gtcatctaagcacaggcccc  
PDS 3379 F CGGTGCTGTGAGGTCA
GG 
qPCR - 
Morf4l1 
 
PDS 3380 R CCCTACTCTCTACCCCA
CCC 
 
PDS 3397 F TTCACGGAGACGGAGTT
ACC 
Ctsh 
Transcript 
(Spans 
129/C57 SNP) 
 
PDS 3398 R CACATCTCGGCGCTCAC
T 
 
PDS 3400 F TCTTAAGGAAATATGCT
CCTCTCC 
Ctsh 
Transcript 
(Spans 
129/C57 SNP) 
 
PDS 3401 R TGCAGGCATCTGTAATC
TGG 
 
PDS 3402 F CAACGTTGGTCTCTGTA
GCAA 
Ctsh 
Transcript 
(Spans 
129/C57 SNP) 
 
PDS 3403 R CATCAGCAGGGCTAGG
AAAT 
 
PDS 2212 F GGGTGATGCTGACATCT
GTG 
Zp3 
Expression 
 
PDS 2213 R TCAGCTTCATCGGTCAC
G 
 
PDS 2238 F AGATCTCGGACAGCACC
AAG 
c-Kit 
Expression 
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PDS 2239 R GAGTTGACCCTCACGGA
ATG             
 
PDS 271 F GGAATTTTGGGGATTTT
TTAGAGAGTTTATAAAG
T 
BS-PCR, 
Rasgrf1 (WT) 
DMR 
Epimark HS 
Taq (NEB 
M0490), Ta = 
55ºC, te = 
30s, 40 
cycles 
PDS 272 R CAAAAACAACAATAATA
ACAAAAACAAAAACAAT
AT 
 
PDS 2627 R CCCRAAAATCCTCTAAT
CAACTAAC 
BS-PCR, 
tm5.1 DMR; 
use with PDS 
271 
Epimark HS 
Taq, Ta = 
55ºC, te = 
30s, 40 
cycles 
PDS 2934 F TTAAGGGTGAAAAGTTG
TATAAGGAG 
BS-PCR for 
Igf2r 
Epimark HS 
Taq, Ta = 
55ºC, te = 
30s, 40 
cycles 
PDS 2935 R CTAATAAAACACCTTCAT
TTACATAACCAA 
 
PDS 287 R CTATATTAAATCCTTTTA
TCCACTATCCTCCACCC BS-PCR, tm1 
DMR; use with 
PDS 271 
Epimark HS 
Taq, Ta = 
58ºC, te = 
30s, 40 
cycles 
Table S2. Total reads per DMR by Sample ID.  
  Total Reads 
  DMR: Amplicon, Size 
Sample ID Fig WT: 
PDS271-272, 
390-420bp 
tm5.1/Tg: 
PDS271-2627, 
350-390bp 
Igf2r: 
PDS2394-5, 
610 bp, 650bp 
Embryonic Gonads: Gonocyte (G) and Somatic Fractions (S) 
TetON/tm5.1 + dox #1 G 2a 25 29 11 
TetON/tm5.1 + dox #1 S 27 5675 178 
TetON/tm5.1 + dox #2 G S6 81 19 851 
TetON/tm5.1+ dox #2 S 617 7727 55 
TetON/tm5.1 + dox #3 G n.i. 28067 133 0 
TetON/tm5.1 + dox #4 G 2b 48 4476 168 
TetON/tm5.1 + dox #4 G 42 25 47 
TetOFF/tm5.1 #1 G 2c 103 6706 45 
TetOFF/tm5.1 #1 S 74 4398 114 
TetOFF/tm5.1 #2 G S6 340 72 31 
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TetOFF/tm5.1 #2 S 136 5870 147 
TetOFF/tm5.1 #3 G 2d 1726 706 279 
TetOFF/tm5.1 #3 S 771 715 11 
TetON/tm5.1 – dox #1 G  26 7732 47 
TetON/tm5.1 – dox #1 S 100 92 41 
Tail (Soma) 
+/TetOFF #1 n.i. n.a. 167 n.m. 
+/TetOFF #2 n.a. 775 n.m. 
tm5.1/+ #1 3c 248 4804 n.m. 
tm5.1/+ #2 329 20 n.m. 
tm5.1/TetOFF #1 351 16 n.m. 
tm5.1/TetOFF #2 0 12 n.m. 
TetOFF/tm5.1 289 205 n.m. 
TetOFF/tm5.1 n.i. 6 6087 n.m. 
TetOFF/tm5.1 3c 369 399 n.m. 
+/tm5.1 (Biallelic) #3 S1
e 
 
  n.m. 
+/tm5.1 (Paternal) 182 13183 n.m. 
+/tm5.1 #1 3c 
 
148 17388 n.m. 
+/tm5.1 #2 653 406 n.m. 
+/TetON #1 n.i. 
 
n.a 97 n.m. 
+/TetON #2 n.a 122 n.m. 
tm5.1/+ #1 5c 74 7425 n.m. 
tm5.1/+ #2 135 35 n.m. 
tm5.1/TetON #1 43 11161 n.m. 
tm5.1/TetON #2 42 10416 n.m. 
TetON/tm5.1 #1 239 23 n.m. 
TetON/tm5.1 #2 217 13 n.m. 
  WT: 
PDS271-272 
Tg: PDS271-
2627 
tm1: PDS271-
287, 461bp 
+/Tg #1 S1
1b 
2097 4180 n.m. 
+/Tg #2  0 4498 n.m. 
Tg/+ #1  4579 5455 n.m. 
Tg/+ #2  4534 8842 n.m. 
Tg:TetOFF/+ #1 S1
3d 
1249 0 n.m. 
Tg:TetOFF/+ #2 649 41 n.m. 
Tg/+ #1 588 25 n.m. 
Tg/+ #2 354 24 n.m. 
TetOFF/tm1/Tg #1 S1
2d 
287 966 19 
TetOFF/ tm1/Tg #2 436 117 6 
TetOFF/ tm1/Tg #3 510 71 3 
tm1/Tg #1 S1
2d 
279 879 17 
tm1/Tg #2 188 1192 3 
Sperm 
+/5.1 #1 2e 
 
97 11333 18 
+/5.1 #2 588 10 116 
+/5.1 #3 S6
d 
201 40 21 
TetOFF/5.1 #1 2e 
 
100 15 25 
TetOFF/5.1 #2 45 7798 65 
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Table S3. Sequences used for QUMA.  
Primer Pair: PDS271-2 
DMD Queried: WT – C57Bl/6 
grep sequence: cccaaaaatcctctaatcaactaac 
 
Reference Sequence: 
ccgcacttcactgttgcgctaccgctgcgctacaactaccacgactgctactgctgctgctgcactaccgttgcgctacg
gctgccgcgctatcgctgctgctgccgcacttcgctgccgtgctgtccctgccccagccgctactgctgctcctgccccc
ccactgcccctgccccagccactactgctgcccctgcccc 
Primer Pair: PDS271-2 
DMR Queried:  WT – FVB 
Grep sequence: ATTGTTTTTGTTTTAGTTATT 
 
Reference Sequence: 
ccgcaAGTActtcactgttgcgctaccgctgcgctacaactaccacgactgctactgctgctgctgcactaccgttgc
gctacggctgccgcgctatcgctgctgctgccgcacttcgctgccgtgctgtccctgccccagccgctactgctgctcct
gcccccccactgcccctgccccagccactactgctgcccctg 
Primer Pair: PDS271-2627 
DMR queried: tm5.1, Tg 
Grep sequence: ATTGTTTTTGTTTTAGTTATT 
 
Reference Sequence: 
ccgcacttcactgttgcgctaccgctgcgctacaactaccacgactgctactgctgctgctgcactaccgttgcgctacg
gctgccgcgctatcgctgctgctgccgcacttcgctgccgtgctgtccctgccccagccgctactgctgctcctgccccc
ccactgcccctgccccagccactactgctgcccctgcccc 
Primer Pair: PDS2394-5 
DMR queried: Igf2r 
grep sequence: GAGGGTTTAGAGGGTTC 
 
Reference Sequence: 
GGATTCGGAGGGTTTAGAGGGTTCCGCGGCACTGCGCCGCAGTGCTGCCCGA
GGGTTCGGAGCAATTCCGGTTGTGCCGTGATCCTTGGTTGTGCTGAGTTGCGG
TGAGGGAAAGGGAAGGGAAAGCTCAGAGGGTTCCGAGCTATCCTGAGGGTGC
GAAGCTGCACAAGGGCA 
 
Table S4. Total reads broken down by C57 and FVB fractions for MiSeq 
sequencing of PDS245-6 RT-PCR product in neonatal brain. 
Genotype Figure C57 FVB/129 Total 
5.1/+ #1 3b 3317 23 3340 
5.1/TetOFF #1 141 1247 1388 
5.1/TetOFF #2 200 1596 1796 
+/TetOFF #1 4450 78 4528 
+/TetOFF #1 2991 5 2996 
5.1/+ #2 2007 15 2022 
+/5.1:TetOFF #1 3 844 847 
+/5.1:TetOFF #1 16 2687 2703 
5.1/+ #1 5b 1509 22 1531 
5.1/+ #2 780 3 783 
TetON:5.1/+ #1 1390 769 2159 
 104 
TetON:5.1/+ #2 1187 695 1882 
+/TetON #1 n.i. 2112 102 2214 
+/TetON #2 14396 23 14419 
+/TetON:5.1 #1 5b 37 3493 3530 
+/TetON:5.1 #2 103 5319 5422 
FVB x B6 n.i. 32 2879 2911 
B6 x FVB 2959 17 2976 
B6 x FVB gDNA n.i. 1056 876 1932 
 
Table S5. SNP IDs and grep sequences for allele-specific PDS245-6 
digestion and sequencing. 
RefSNP ID C57Bl/6 FVB grep sequence 
rs29947965 C T tcttgcaaagtgcttcagat[c/t]cgct
atgccagcgtggagcg 
rs30280068 T C Aacaccttcctgcattccta[t/c]cgc
gtcttcaccaatgctat 
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III TRANSCRIPTIONAL CONTROL OF THE PITRNA 
III.A Introduction 
Long noncoding RNAs (lncRNAs) are an active area of research as 
potential regulators of biological processes. While a small number of lncRNAs 
have been characterized extensively for decades (Brown et al, 1991; Borsani 
et al, 1991; Lanz et al, 1999), in 2009, the lncRNA repertoire was greatly 
expanded by a genome-wide screen for the chromatin signature of active 
transcription; namely, H3K4Me3 as a marker for an active promoter, followed 
by H3K36Me3 down the length of transcription (Guttman et al, 2009). These 
investigators go on to evaluate chromatin characteristics of lncRNA promoters 
and report strong enrichment for CAGE tags, suggestive of RNA Polymerase 
II-mediated transcription, as well as enrichment for RNA Polymerase II itself in 
mouse embryonic stem cells. 
Other investigators have examined sequence attributes of lncRNA 
promoters, with the aim of gaining insight into factors that contribute to lncRNA 
regulation as well as lncRNA functionality. Genome-wide analysis 
demonstrated that lncRNA promoters are as well conserved as those of 
protein-coding genes, with a slight enrichment for HOX factor motifs, lending 
themselves to developmentally relevant function; however, the vast majority of 
lncRNA promoters do not contain HOX factor motifs. ChIP-Seq experiments 
have demonstrated that evolutionarily “older” lncRNA promoters were more 
enriched for SUZ12, a component of the PRC2 complex (Pasini et al, 2004), 
suggesting that ancient lncRNAs could be involved in mediating chromatin 
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context (Necsulea et al, 2014). Genome wide, lncRNA promoters are also 
skewed towards A/T richness and have a distinct transcription factor binding 
site (TFBS) repertoire relative to protein-coding genes (Alam et al, 2014). 
Here, we sought to examine the transcriptional regulation of a specific 
lncRNA, the pitRNA. The pitRNA is expressed in the embryonic male germline 
and is targeted by piRNAs, contributing to imprinted methylation of the Rasgrf1 
differentially methylated region (DMR). Our lab has shown that transcription of 
the pitRNA initiates within the Rasgrf1 repeats, a stretch of 40 tandem repeats 
of a 41bp GC-rich sequence; loss of the repeats ablates pitRNA expression 
(Watanabe et al, 2011). The repeats lack characteristics of a “textbook” 
mammalian promoter, lacking a TATA box, observed in approximately 10-20% 
of mammalian promoters (Cooper et al, 2006; Gershenzon et al, 2005) or an 
Inr element (Javahery et al, 1994; Weis and Reinberg, 1997). They are, as 
previously stated, GC-rich; in humans, approximately 50% of promoters are 
associated with a CpG island (Antequera and Bird, 1993), though these 
promoters typically drive ubiquitous genes (Saxonov et al, 2006). The nature 
by which the repeats drive the pitRNA, which is expressed in a tissue- and 
temporal-specific manner, then, is unknown. 
We sought to elucidate the factors required for pitRNA expression, first 
by querying potential TFBS within the repeats in silico. Those TFs reported to 
be expressed in primordial germ cells were then queried for expression in an 
immortalized cell line derived from embryonic male gonads. Having identified 
one TF expressed in this cell line, we went on to characterize the effects of 
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knockdown and knockout on pitRNA expression. 
III.B Materials and Methods 
Primer sequences used for all methods and analyses in Chapter III are listed 
in Table III.1. 
Generation of RST7A: All assays concerning RST7A development and 
validation were performed by Roman Spektor. RST7A was derived by 
transfection of dissociated e16.5 male gonads with vectors carrying c-myc and 
H-ras (Kelekar et al, 1987; Thompson et al, 1989). Single cells were 
subcloned by limiting dilution and expanded. One clone, termed RST7A, 
constitutively expressed pitRNA as well as several male germline markers and 
factors required for imprinting. 
Identification of candidate transcription factors: The Rasgrf1 repeats 
sequences was scanned with TFSearch (Heinemeyer et al, 1998; Akiyama 
1999) to identify TFs with potential TFBS within the repeats. Six TFs were 
chosen based on the repeats harboring sequence with greater than 85% 
sequence similarity to the TF’s consensus binding sequence and their relative 
expression in primordial germ cells (Seisenberger et al, 2016). 
RST7A fixation for Chromatin Immunoprecipitation (ChIP): 150mm plates 
of 80% confluent RST7A cells were cross-linked with 11% formaldehyde for 10 
minutes at room temperature with intermittent swirling. Cross-linking was 
quenched with 1:20 volume of 2.5M glycine pH8.0 for 5 minutes, again with 
intermittent swirling. Fixed cells were collected by scraping; plates were 
washed with PBS Cell Wash Buffer (0.1% BSA, 2mM EDTA in calcium-free, 
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magnesium-free PBS). Cells were pelleted at 400 x g for five minutes at 10ºC, 
then resuspended with PBS Cell Wash Buffer. This step was repeated twice. 
Cells were resuspended in PBS Cell Wash Buffer and pelleted at 1000 x g for 
one minute. Supernatant was discarded, 5 uL 1000X Protease Inhibitor 
Cocktail (Sigma Aldrich P8340) was added, and pellets were snap frozen in 
liquid nitrogen. 
Chromatin Preparation: In preparation for fragmentation, cell pellets were 
resuspended in Nuclei Release Buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 
1 mM EDTA, 10% glycerol, 0.5% NP-40; 0.25% Triton X-100) and rotated at 
4ºC for ten minutes, then centrifuged at 2000 x g for one minute at 4ºC. 
Supernatant was discarded and 5 uL Protease Inhibitor Cocktail was added. 
Nuclei were resuspended in SDS Lysis Buffer (1% SDS, 10 mM EDTA, 50 mM 
Tris-HCl pH=8.0) and rotated at room temperature for 10 minutes, then 
centrifuged at 2000 x g for one minute at 4ºC. Supernatant was discarded and 
5 uL Protease Inhibitor was added. Chromatin was resuspended in Sonication 
Buffer (50 mM Tris-HCl pH=8.0, 100 mM NaCl, 2 mM EDTA, 0.5% sarkosyl) 
and centrifuged 2000 x g for one minute at 4ºC for one minute. This was 
repeated three times. 5 uL Protease Inhibitor Cocktail and added and snap 
frozen in liquid nitrogen prior to shearing. 
Chromatin shearing: Fixed chromatin was fragmented to 1kb on a Covaris 
S2 sonicator with the following parameters: 5% duty cycle, 15 cycles, 2 
intensity, 200 cycles/burst, 60s cycle time for three minutes. Fragmentation 
size was confirmed via gel electrophoresis. Sheared chromatin was spun at 
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20,000 x g for ten minutes at 4ºC; supernatant was discarded, and pellet was 
resuspended in residual supernatant, transferred to a new low bind microfuge 
tube. 5% of total sheared chromatin was removed for input; the remainder was 
snap frozen in liquid nitrogen.  
Chromatin immunoprecipitation (ChIP): 100 uL Protein G DynaBeads 
(ThermoFisher 10003D) were added to Bead Blocking Buffer (0.5% BSA in 
calcium-free, magnesium-free PBS) and mixed with gentle pipetting and 
applied to a DynaMag Spin Magnet (ThermoFisher 12320D). Beads were 
loaded with 10 ug Rabbit anti-mouse Sp1 (Millipore 07-645) or normal mouse 
IgG (Life Technologies 10400C) and rotated at 4ºC overnight. Beads were 
washed with Bead Blocking Buffer and resuspended in ChIP Dilution Buffer 
(12.5 mM Tris pH 8, 162.5 mM NaCl, 2 mM EDTA, 1.25% Triton X-100, 
0.625% BSA). Sheared chromatin was added to antibody loaded beads and 
rotated at 4ºC overnight. ChIP samples were washed the next day with chilled 
Low Salt Wash Buffer (1% Triton X-100, 0.1% SDS, 2 mM EDTA, 150mM 
NaCl, 20 mM Tris-HCl pH 8), then with High Salt Wash Buffer (1% Triton X-
100, 0.1% SDS, 2mM EDTA, 500mM NaCl, 20 mM Tris pH 8), then with LiCl2 
Wash Buffer (1% NP40, 1% deoxycholate, 1mM EDTA, 250mM LiCl, 10 mM 
Tris pH 8), and finally with Tris-EDTA (TE). Reverse crosslinking: Reverse 
crosslinking was performed by incubating ChIP samples with SDS Lysis Buffer 
at 65C overnight; then with 50 ug Proteinase K (ThermoFisher 25530049). 
Samples were applied to the DynaMag Spin Magnet. Supernatant was 
collected. Beads were washed with Buffer ERC; supernatant was pooled with 
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previous supernatant. DNA was column purified with BioBasic EZ-10 DNA 
Columns (BioBasic BS427) and eluted in 30 uL of Tris-HCl pH 8.0, then 
quantified with Nanodrop. 5 ng DNA was used in subsequent qPCR 
experiments along with 5% input. 
Mithramycin assays: RST7A cells were cultured in 0 or 400 nM Mithramycin 
A (MTM, Sigma M6891) for 48 hours, then harvested for total RNA and gDNA. 
CRISPR/Cas9-mediated knockout of Sp1: 75% confluent 6-well cultures of 
RST7A cells were transfected with pairs of the Cas9-sgRNA vector pX330 
(Addgene Plasmid 42230) that had been modified to carry different sgRNA 
sequences targeting the promoter (∆P1, ∆P2) and distal 6th exon (∆E1, ∆E2, 
∆E3) of Sp1 via the Zhang lab protocol (Cong et al, 2013). Plasmids were 
cotransfected in the following combinations: ∆P1/∆E1, ∆P2/∆E2, ∆P1/∆E3 
using Lipofectamine 2000 (ThermoFisher 11668027), following the 
manufacturer’s protocol. After recovering overnight, cultures were subjected to 
G418 selection at 250 ug/mL G418 for eight days. Twenty-three single cell 
clones were recovered and genotyped for the full Sp1 deletion, Sp1∆, as well 
as an internal Sp1 PCR (Table III.1) to determine homozygous vs. 
heterozygous knockout. Three heterozygous clones were confirmed. One 
heterozygous clone was expanded and subjected to an additional round of 
CRISPR/Cas9, as was a wild type RST7A culture. For this round of 
CRISPR/Cas9 genome editing, we used pETC9.4, a derivative of pX330 
modified to carry a hygromycin resistance cassette. pETC9.4 was modified to 
carry five different sgRNA sequences targeting the proximal 5th and distal 6th 
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exons of Sp1, termed ∆5.1, ∆5.2, ∆6.1, ∆6.2, and ∆6.3. These were 
cotransfected in the following combinations: ∆5.1/∆6.1; ∆5.2/∆6.2; 
∆5.2/∆6.2/∆6.3 and selected with 400 ug/mL hygromycin for ten days. 
Eighteen single cell clones were recovered and genotyped for the exon 5/6 
deletion (Sp1∆5/6). One Sp1∆/∆5/6 and three Sp1∆5/6/∆5/6 were confirmed by 
Sanger sequencing of diagnostic PCR products. Loss of Sp1 expression was 
confirmed by qRT-PCR. Western blots were not performed. 
RNA and gDNA extraction: Total RNA extraction was performed with Trizol 
following the manufacturer’s protocol. gDNA extraction was performed with 
Laird’s Lysis Buffer (Laird et al, 1991). 
RT: All samples were DNAse treated, random primed, and reverse transcribed 
with Promega RQ Dnase and GoScript Reverse Transcriptase (Promega 
M6101 and A5003).  
qPCR: For all assays, qPCR was performed on random-primed cDNA using 
Power SYBR Green Master Mix on an Applied Biosystems 7500 using an 
annealing temperature of 60ºC and forty cycles of amplification. An RT- 
condition (no RT) was run for each sample as a negative control for gDNA 
contamination. 
Bisulfite conversion and analysis: Bisulfite conversion was performed using 
the Zymo EZ DNA Lightning Conversion kit. Bisulfite PCR (BS-PCR) was 
performed using NEB Epimark Taq Polymerase (M0490S) with primers as 
listed in Table III.1. COBRA was performed on BS-PCR products by 
incubation with 5U BstUI (NEB R0518) at 60C for 1 hour. Digestion products 
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were separated via agarose gel electrophoresis (4% agarose). 
Table III.1. Primer details for all analyses in Chapter III. Unless otherwise 
stated, all primers were utilized with an annealing temperature of 60ºC and an 
extension time (te) of 30 seconds; BS-PCR primers were utilized with an 
annealing temperature of 55ºC. All qPCR primers are 87 to 113% efficient. 
Primer 
Name 
5’ – 3’ Sequence Purpose/Notes 
PDS 2458 F TTGGGAGGCTGGTTTTGACC SREBP-1 expression 
PDS 2459 R CTGGCTGGCCAATGGACTAC  
PDS 2428 F ATGGTGTGGGAGTGCCATC Cdx1 expression 
PDS 2429 R CAACGCCTAGAGCTGGAAAA  
PDS 2434 F GAGACAGCAGGTGGAGAAGG Sp1 expression 
PDS 2435 R AAAGCGCTTCCCACAATATG  
PDS 2430 F CCGTCTTCAAGGTGTCCAAG GATA-1 expression 
PDS 2431 R CTGGTGTCCTCACCATCAGA  
PDS 2436 F TCTGCAGGGGGTAGTGTAGC GATA-2 expression 
PDS 2437 R CCGGTTCTGTCCATTCATCT  
PDS 2432 F AATGGTTGTGCCACCTCTCC c-Myb expression 
PDS 2433 R TGGTGGAACAGAACGGAACA  
PDS 2660 F GCCGCTGCTGCAATTTCTG Rasgrf1 repeats 
PDS 2661 R TGGGGCAAGTCTGATCTTCC  
PDS 2610 F TAACGACCATTGGCCAAAGC Sp1 promoter 
PDS 2611 R GAACGAACAGCCAATTACGC  
PDS 2518 F GTGTACAGGCCCAATCCGTA Chr13 intergenic 
PDS 2519 R GGATCTCTGAATTGCCACCT  
PDS 2646 F caccGAAAAACGCGGACGCTGACG sgRNA Sp1 Promoter (∆P1) 
PDS 2647 R aaacCGTCAGCGTCCGCGTTTTTC  
PDS 2648 F caccCAAGCGAACCCGGACCGGAC sgRNA Sp1 Promoter (∆P2) 
PDS 2649 R aaacGTCCGGTCCGGGTTCGCTTG  
PDS 2650 F caccGCAAGACGGGCAATACCCTC sgRNA Sp1 proximal Exon 
6 (∆E1) 
PDS 2651 R aaacGAGGGTATTGCCCGTCTTGC  
PDS 2652 F caccGGCCTCCATGGCTACCATAT sgRNA Sp1 proximal Exon 
6 (∆E2) 
PDS 2653 R aaacATATGGTAGCCATGGAGGCC  
PDS 2992 F caccATCTCCGAGCACACTTGCGC sgRNA Sp1 Exon 5 (∆5.1) 
PDS 2993 R aaacGCGCAAGTGTGCTCGGAGAT  
PDS 2994 F caccCATATACTTTGCCGCATCCT sgRNA Sp1 Exon 5 (∆5.2) 
PDS 2995 R aaacAGGATGCGGCAAAGTATATG  
PDS 2996 F caccATGAAACGCTTAGGGCACTC sgRNA Sp1 Distal Exon 6 
(∆6.1) 
PDS 2997 R aaacGAGTGCCCTAAGCGTTTCAT  
PDS 2998 F caccAGTGCCCTAAGCGTTTCATG sgRNA Sp1 Distal Exon 6 
(∆6.2) 
PDS 2999 R aaacCATGAAACGCTTAGGGCACT  
PDS 3000 F caccGGCCTCCATGGCTACCATAT sgRNA Sp Distal Exon 6 
(∆6.3) 
PDS 3001 R aaacATATGGTAGCCATGGAGGCC  
PDS 2230 F CTAAGGCCAACCGTGAAAAG Actin expression 
PDS 2231 R ACCAGAGGCATACAGGGACA  
PDS 2266 F ATCCGTGGCTACCGCTATTG   pitRNA expression 
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PDS 2267 R AGTCGTGGTAGTTGTAGCGC    
PDS 2817 F GGGTTCCAAGAAGGCTGTCA  H2Be expression 
PDS 2818 R CGGGTGCACCTGCTTCAG   
PDS 2710 F GTGTCTCCCACCTTTTCAAAGT Mecp2 expression 
PDS 2711 R GAAGTCTGGCCGATCTGCTG  
PDS 2871 F CATCGTCATCTCATCCCGCC Sp1∆ genotyping, te = 1m 
PDS 2878 F TCTCTGCAAGTCCATCGTCA Internal Sp1 
PDS 2787 R GGCGGGATGAGATGACGATG Sp1∆ genotyping 
PDS 3002 F GGTTCCCTACTTTCTAGCTCCA Sp1∆5/6 genotyping 
PDS 3003 R CCATTTTCAAGGAGTCACCAG  
PDS 271 F GGAATTTTGGGGATTTTTTAGAGA
GTTTATAAAGT 
BS-PCR, Rasgrf1 DMR 
PDS 272 R CAAAAACAACAATAATAACAAAAA
CAAAAACAATAT 
 
 
III.C Results 
III.C.1 Sp1 is one of six assayed transcription factors that is expressed in 
RST7A. 
TFSearch (Akiyama 1998) revealed six TFs with predicted TFBMs in 
the Rasgrf1 repeats, as follow: Cdx1, GATA-1, GATA-2, c-Myb, Sp1, and 
SREBP-1, and which were expressed in primordial germ cells (Seisenberger 
et al, 2016). Of these six, only Sp1 was robustly expressed in RST7A by end-
point RT-PCR (Fig III.1b). Sp1 has two canonical binding sites at the 3’ edge 
of the Rasgrf1 repeats distal to the Rasgrf1 DMR. Fig III.1a lists these factors 
as well as their expression in adult tissues, primordial germ cells, and RST7A. 
 
Fig III.1. Sp1 is expressed in RST7A. a) Transcription factors with predicted 
binding sites in the Rasgrf1 repeats are listed along with known tissues for 
expression confirmation, relative expression in PGCs, and expression in 
RST7A. b) End point RT-PCR for candidate transcription factors in RST7A. All 
primers are intron spanning. Adult tissues, which served as positive controls 
for RT-PCR reactions, are, in order, testis, colon, muscle, spleen (last three). 
Note that the band in RST7A-Cdx1 lane corresponds to gDNA amplification 
and not cDNA. 
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III.C.2 Sp1 is enriched at the Rasgrf1 repeats in RST7A. 
We first queried whether Sp1 was enriched at the Rasgrf1 repeats. We 
sheared RST7A chromatin to an average of 500bp to 1kb fragments (Fig III.2) 
as has been used for Sp1 ChIP-Seq and ChIP-PCR by others (Wang et al, 
2013; Zu et al, 2009; He et al, 2005). 
 
Fig III.2. Distribution of chromatin fragments relative to shearing time, 
using RST7A chromatin. 3m shearing time produced an average fragment 
size of 500-1000bp and was used for all ChIP experiments. 
 
 
We performed anti-Sp1 ChIP-qPCR for the Rasgrf1 repeats, using the 
promoter of Sp1, which is self-regulatory, as a positive control, and an 
intergenic region upstream of the DHFR gene on chr13 with no canonical Sp1 
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sites as a negative control. We found that Sp1 was enriched at the Rasgrf1 
repeats relative to normal mouse IgG (Fig III.3). 
 
Fig III.3 Sp1 is enriched at the Rasgrf1 repeats as assayed by ChIP-
qPCR. Color key for anti-Sp1 vs. mouse IgG as a negative control at right. 
Sp1 is enriched at both the Rasgrf1 repeats and the Sp1 promoter compared 
to an intergenic region on chr13. Enrichment is shown as percent of total input. 
Error bars represent standard error among biological replicates. Experiments 
were performed in biological duplicate at minimum. **, p < 0.01; ***, p < 10-6; 
n.s., not significant. 
 
 
 
III.C.2.i  Chemical knockdown and genetic knockout of Sp1 
downregulates pitRNA expression.  
With confirmation that Sp1 is enriched at the repeats in an immortalized 
cell line that capitulates many aspects of the pitRNA system, we then 
hypothesized that Sp1 inhibition or knockout would reduce pitRNA expression. 
Mithramycin (MTM) is a known inhibitor of the Sp family of transcription factors 
by binding target sequences (Blume et al, 1991). We treated RST7A cultures 
with 400 nM MTM and evaluated expression of pitRNA. We found that MTM 
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causes an approximately 50% reduction in pitRNA expression (Fig III.5a). 
Sp1 null animals are embryonic lethal by day 11 of gestation; however, 
Sp1 embryonic stem cells are viable (Marin et al, 1997). We generated Sp1 
knockouts using CRISPR-Cas9 genome editing. We first endeavored to 
generate homozygous knockouts of the entire Sp1 gene (Fig III.4.a, upper) 
(Sp1∆/∆); only one homozygous clone was recovered. Heterozygotes (Sp1∆/+) 
and wild type cultures were then subjected to an additional round of 
CRISPR/Cas9-mediated knockout of exons 5 and 6, which code for Sp1’s 
DNA-binding domain (Fig III.4.a, lower). One double heterozygote (Sp1∆/∆5/6) 
and three homozygotes for the exon 5 and 6 deletion (Sp1∆5/6/∆5/6) were 
recovered and confirmed by Sanger sequencing of deletion-spanning PCR 
products (Fig III.4.b). 
 
Fig III.4. Targeting scheme for CRISPR/Cas9-mediated knockout of Sp1. 
a) Schematic of the Sp1 gene with locations of sgRNA sequences. Blue bars 
denote exons 1-6 from the left; exon 6 is contiguous with the 3’ UTR (thinner 
blue bar). Upper: Green bars denote location of sgRNAs for the full Sp1 
knockout (Sp1∆). Lower: Red bars denote sgRNA locations for the exon 5/6 
knockout (Sp1∆5/6). b) Diagnostic PCRs for Sp1∆ and Sp1∆5/6. Note that the 
wild type PCR product for PDS2871-2787 is predicted to be approximately 
10kb and so will not be evident with the PCR parameters used. Faint band at 
< 900bp in the wild type lane is nonspecific product. 
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As a confirmation of Sp1 knockout, Sp1 expression was assayed in 
Sp1∆/∆5/6 and Sp1∆5/6/∆5/6 via qRT-PCR. In these lines, Sp1 was reduced to 
approximately 10% of normal (Fig III.5b).  
 
Fig III.5 pitRNA expression is decreased with chemical knockdown or 
genetic knockout of Sp1. a) Mithramycin reduces Sp1 target gene 
expression. Sp1 is self-regulatory and decreases with MTM treatment, as does 
pitRNA; actin, which is not regulated by Sp1, is not significantly affected. b) 
Genetic knockout of Sp1 leads to reduced expression of pitRNA and Mecp2, a 
known target gene for Sp1, but not actin. qPCR primers for Sp1 precede the 
exon 5-6 deletion, as such, some Sp1 transcription is detectable and expected 
in knockout cell lines. All expression levels are normalized to Histone 2BE. 
Error bars represent standard error across biological replicates; two wild type 
RST7A clones and four Sp1 knockout clones were used. *, p < 0.05, **, p < 
0.01; ***, p < 10-6; n.s., not significant. WT, wild-type; KO, Sp1 knockout. 
 
 
 
III.C.3 Sp1 knockdown and knockout do not affect methylation of the 
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Rasgrf1 DMR in RST7A. 
To determine whether pitRNA is required for maintenance of methylation 
at the Rasgrf1 DMR, we queried methylation status in MTM-treated and Sp1-
knockout RSTA lines over several passages using COBRA. Wild type RST7A 
are fully methylated at the DMR (Fig III.6.a). The DMR remained fully 
methylated in both chemical knockdown cultures (Fig III.6.b) and Sp1 
knockout lines (Fig III.6.c). 
 
Fig III.6. Chemical knockdown and genetic knockout of Sp1 do not affect 
methylation of the Rasgrf1 DMR in RST7A as measured by COBRA.  a) 
Wild type RST7A over several passages are hypermethylated. b) The DMR 
remains hypermethylated in RST7A treated with 400 nM MTM for 48 hours 
compared to untreated controls. c) An Sp1 double heterozygote (Sp1∆/∆5/6) 
remains hypermethylated at the DMR over several passages. Note that in b) 
and c), the ethidium bromide front has moved past digested products; as such 
they are considerably fainter than the undigested control. Complete loss of the 
undigested band also indicates full digestion and therefore hypermethylation. 
 
 
 
III.D Discussion 
III.D.1 Specific factor 1 (Sp1) binds the Rasgrf1 repeats and drives 
pitRNA expression. 
In a candidate transcription factor (TF) screen of RST7A, Specificity 
Factor 1 (Sp1) was the only TF predicted to bind the Rasgrf1 repeats 
expressed at appreciable levels in RST7A, a cell line known to express the 
pitRNA. Specific Factor 1 or Sp1 is a ubiquitous transcription factor known to 
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bind the GC-rich 5’-GGGCGG-3’ consensus sequence. Sp1 null animals are 
embryonic lethal by day 11 of gestation, likely due to its many targets of 
regulation. Notably, the expression of many Sp1 targets were not significantly 
downregulated in Sp1 knockouts (Marin et al, 1997), possibly due to 
redundant activity of the SP1 family, of which there are several members 
(reviewed in Philipsen and Suske 1999), or alternatively, residual Sp1 carried 
to the embryo in the ooplasm. Cooperative activity between some family 
members is also likely, as compound heterozygotes of Sp1 and Sp3 
knockouts are not viable (Kruger et al, 2007).  While the ubiquitous nature of 
Sp1 might be contrary to its potential role in a tightly temporospatially 
regulated process, Sp1 is known to act in a cell state- and cycle-specific 
manner via extensive post-translationally modifications. These can not only 
modulate cellular localization, but can also affect its DNA binding activity 
(Merchant et al, 1999; reviewed in Bouman and Philepsen 2002; Solomon et 
al, 2008; Chu and Ferro 2005). Moreover, Sp1 demonstrates cooperative or 
competitive interactions with other transcription factors (Janson and 
Pettersson 1990; Fischer et al, 1993; Billon et al, 1999; Nam et al, 2012), 
lending further potential specificity to its activity. 
We demonstrate that Sp1 is enriched at the Rasgrf1 repeats by Sp1 ChIP-
qPCR. Further, MTM-mediated Sp1 knockdown and targeted Sp1 knockouts 
downregulate pitRNA, suggesting that Sp1 drives pitRNA expression. While 
these data do not rule out an indirect relationship between Sp1 and pitRNA 
expression, binding of Sp1 at the Rasgrf1 repeats as assayed by anti-Sp1 
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ChIP qPCR in vitro indicates that a direct relationship is likely. 
III.D.2 Sp1 knockdown and knockout does not alter methylation at the 
Rasgrf1 DMR. 
COBRA of early and late passages of Sp1 double knockouts indicates 
that methylation persists at the Rasgrf1 repeats. From this, we conclude that 
the pitRNA is not required for maintenance of DMR methylation in RST7A. 
A strong consideration is that all of these experiments were performed in 
vitro in an immortalized cell-based system, RST7A, and may not fully 
recapitulate in vivo mechanisms. However, other independent lines of 
evidence performed in vivo suggest that the pitRNA is not sufficient for the 
establishment of methylation at Rasgrf1. As such, further pursuit of Sp1 and its 
role specifically in driving pitRNA transcription may not warrant further study. 
However, Sp1 in the context of other data and indications at Rasgrf1 could 
support a role for Sp1 beyond the control of the pitRNA.  
III.D.3 Alternative roles for Sp1 and the Rasgrf1 repeats. 
We identify one transcription factor, Sp1, that binds the repeats in this cell-
based system. Chemical knockdown and genetic knockout of Sp1 leads to a 
downregulation of pitRNA expression. However, loss of Sp1 is not correlated 
with loss of methylation at the Rasgrf1 DMR. These data support a role for 
Sp1 in driving pitRNA expression, though it appears that methylation, once 
established, is not dependent upon pitRNA expression as evidenced in our 
cell-based system. As we also demonstrate an RNA-independent role of the 
repeats for the establishment of DNA methylation at the DMR in Chapter II, 
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alternative roles for Sp1 binding at the Rasgrf1 repeats remain open to 
speculation. 
One potential hypothesis concerning the Rasgrf1 repeats could involve 
differential G-quadruplex (G4) formation on the maternal vs. paternal 
chromosome, which the Rasgrf1 repeats are predicted to form. While Sp1 has 
a canonical binding motif, it is also known to bind G4 (Raiber et al, 2012); 
should methylation of the paternal DMR by Dnmt3c modulate formation of a 
G4, Sp1 binding could vary between the maternal and paternal chromosome, 
with potential effects on local transcription or chromatin structure; G4s as a 
potential mode of regulation are discussed more extensively in Chapter II. 
Second, Sp1 has been demonstrated to bind annotated enhancers to 
modulate gene expression (Isomura et al, 2005; Nolis et al, 2009; Sumimoto et 
al, 2012). It associates with the histone methyltransferase Set1 and the 
histoneacetyltransferase p300 and could conceivably impact histone state at 
the repeats. We have previously shown that both maternal and paternal alleles 
of the Rasgrf1 ICR are marked with H3K9Me (Lindroth et al, 2008), making a 
concurrent H3K4 methylation mark less likely (Binda et al, 2010, reviewed in 
Eissenberg et al, 2010). However, marking of the repeats with the H3K27Ac 
mark would be consistent with an enhancer-like role (reviewed in Calo and 
Wysocka, 2013), which data from our lab could support (Yoon et al, 2005). 
Whether H3K27Ac is differentially enriched in the female and male germlines, 
and how it might impact the local chromatin environment, could be an avenue 
for future studies. 
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A final hypothesis focuses on a potential role for Sp1 mediating 
methylation at the repeats rather than the DMR. Sp1 is known to protect GC-
rich regions from DNA methylation (Macleod et al, 1994; Mummaneni et al, 
1998; reviewed in Caiafa and Zampieri, 2005). In turn, DNA methylation 
attenuates Sp1 binding (Mancini et al, 1999; Zelko et al, 2010; Reynard et al, 
2014). Somatically, a portion of the repeats amplifiable by bisulfite PCR do 
acquire methylation on the paternal allele (Lindroth et al, 2008). Docking of 
Sp1 at the repeats in the male embryonic germline could contribute to the 
restriction of methylation to the DMR, with a side effect of driving pitRNA 
expression, leading to DNA methylation by way of the pitRNA-piRNA pathway. 
In conclusion, we identify the transcription factor Sp1 that binds the 
repeats in vitro. Chemical knockdown and genetic knockout of Sp1 leads to a 
downregulation of pitRNA expression. However, loss of Sp1 is not correlated 
with loss of methylation at the Rasgrf1 DMR. These data support a role for 
Sp1 in driving pitRNA expression. Alternative roles for Sp1 as a binder of the 
Rasgrf1 repeats could be explored as routes of further investigation (Fig III.7). 
 
Fig III.7. Summary of Sp1 at the Rasgrf1 repeats in RST7A cells. a) In wild 
type RST7A, Sp1 is enriched at the Rasgrf1 repeats and pitRNA is expressed 
(green arrow). The Rasgrf1 DMR is fully methylated (filled lollipops). b) 
Genetic knockout and chemical knockdown of Sp1 ablates pitRNA expression; 
however, methylation is maintained at the Rasgrf1 DMR. c) Potential 
alternative roles for Sp1 at the repeats. The repeats, shown in yellow, could 
form secondary structure such as G4s to affect local chromatin state, which 
Sp1 is known to bind as well as its canonical sequence. Second, Sp1 could 
recruit the histone acetyltransferase p300 to the repeats, thereby affecting 
local chromatin state and transcription. Finally, Sp1 could play a role in 
protecting the repeats from methylation by Dnmt3c in the male germline; lack 
of Sp1 binding in the soma could promote accrual of methylation at the 
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repeats. 
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IV LONG NON-CODING RNA REGULATION OF REPRODUCTION AND 
DEVELOPMENT 
 
This Chapter was published as a comprehensive review of the roles and 
mechanisms for long noncoding RNAs in the regulation of reproduction and 
development, as cited: 
Taylor DH, Chu ET, Spektor R, and Soloway PD (2015). Long non-coding 
RNA regulation of reproduction and development. Molecular 
Reproduction and Development 82: 932–956. 
 
IV.A Abstract 
Non-coding RNAs (ncRNAs) have long been known to play vital roles in 
eukaryotic gene regulation.  Many studies from more than a decade ago 
revealed that maturation of spliced, polyadenylated coding mRNA occurs by 
reactions involving snRNAs and snoRNAs; mRNA translation depends on 
activities mediated by tRNAs and rRNAs, subject to negative regulation by 
miRNAs; transcriptional competence of sex chromosomes and some imprinted 
genes is regulated in cis by ncRNAs that vary by species; and both siRNAs 
and piRNAs bound to Argonaute family proteins regulate post translational 
modifications on chromatin, and local gene expression states.  More recently, 
additional gene-regulating ncRNAs have been identified.  Among them are the 
long intergenic and long ncRNAs (collectively referred to as lncRNAs), a class 
totaling more than 100,000 transcripts in human, including some of the 
previously mentioned RNAs that regulate dosage compensation and imprinted 
gene expression.  Here, we first provide an overview of lncRNA activities, and 
then review the role of lncRNAs in processes vital to reproduction, including 
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germ cell specification, sex determination and gonadogenesis, sex hormone 
responses, meiosis, gametogenesis, placentation, non-genetic inheritance, 
and pathologies affecting reproductive tissues.  Results from a diversity of 
species are presented as they are informative of evolutionarily-conserved 
processes. 
IV.B Discovery of lncRNAs 
Initial efforts to characterize the mammalian transcriptome, 
comprehensively, revealed an abundance of RNAs that vastly exceeded what 
was expected from the coding genome.  Many RNAs were identified as non-
coding and distinct from previously known non-coding species including 
snRNA, snoRNA, tRNA, rRNA and Argonaute family associated small RNAs 
(Bertone et al, 2004; Carninci et al, 2005; Cheng et al, 2005; Kampa et al, 
2004; Kapranov et al, 2005; Rinn et al, 2003; Shiraki et al, 2003).  A very 
limited number of non-coding RNAs that fit into none of the known non-coding 
classes had previously been characterized, including Xist, transcribed from the 
inactive X-chromosome in female mammals (Borsani et al, 1991; Brockdorff et 
al, 1991; Brown et al, 1991); the imprinted transcripts Airn (Lyle et al, 2000), 
H19 (Brannan et al, 1990; Sleutels et al, 2002), and Kcnq1ot1 (Lee et al, 
1999); and SRA (Lanz et al, 1999; Lanz et al, 2002).  Of these, Xist, Airn and 
Kcnq1ot1 had been respectively implicated or shown to regulate, in cis, X-
inactivation (Marahrens et al, 1997; Penny et al, 1996), imprinted expression 
of Igf2r (Sleutels et al, 2002) and imprinted expression of genes in the Kcnq1 
cluster (Fitzpatrick et al, 2002).  SRA was shown to enhance steroid hormone 
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receptor responses (Lanz et al, 1999; Lanz et al, 2002).  Functions of other 
lncRNAs remained uncharacterized, and it was not clear if indeed they had 
functions or were simply byproducts of transcriptional noise.  In 2007, 231 
additional lncRNAs from the human HOX clusters were discovered.  One of 
these, HOTAIR, transcribed from the HOXC cluster was shown to regulate 
coding transcripts from the HOXD cluster in trans (Rinn et al, 2007).  This 
finding extended the functions of the few characterized lncRNAs beyond cis-
regulation of the silent X-chromosome and a few imprinted genes.     
With the development of genome-wide chromatin-state maps using 
chromatin immunoprecipitation followed by sequencing (ChIP-Seq), it was 
observed that known genes actively transcribed by RNA polymerase II carried 
H3K4me3 at the promoter, and H3K36me3 across the transcribed region.  
These so-called K4-K36 domains were also found at sites not previously 
annotated as genes, leading to the discovery of more than 1,600 intergenic, 
spliced non-coding transcripts.  The fact that they were found to be 
evolutionarily-conserved, with many exhibiting coordinated regulation, argued 
against the notion that they represented transcriptional noise (Guttman et al, 
2009).  Since that report, more than 100,000 lncRNAs have been described 
for human alone (Volders et al, 2015a).  Accepted lncRNA properties, and 
practices for their identification and naming, are evolving, but lncRNAs 
generally exhibit the following features (Mattick and Rinn 2015):  Lengths are 
>200 nt with a median size of ~500 nt, smaller than mRNAs, though some 
exceed 100 kb; 98% are spliced, with 80% having 2-4 exons, and the majority 
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existing as a single isoform; most are polyadenylated, though Poly(A)– forms 
exist more commonly than they do for mRNAs; many show nuclear enrichment 
and chromatin association, though cytoplasmic forms exist; coding potentials 
are low, as assayed by Codon Substitution Frequency (CSF) scores (Cabili et 
al, 2011; Guttman et al, 2009; Guttman et al, 2010), low  ribosome association 
(Guttman et al, 2013) and lack of open reading frames >100 nt; expression 
levels are lower than mRNAs and expression is more tissue specific; purifying 
selection is common, though with weaker constraints than coding transcripts, 
and in some cases, structure rather than sequence might be under selection 
(Derrien et al, 2012; Smith et al, 2013); some are circular (Hansen et al, 2013; 
Memczak et al, 2013; Petkovic and Muller 2015; Zhang et al, 2013).   
Databases established to describe lncRNAs include lncRNADisease 
(Chen et al, 2013), LncRBase (Chakraborty et al, 2014), NONCODE (Xie et al, 
2014), LNCipedia (Volders et al, 2015b), lncRNAdb (Quek et al, 2015), 
lncRNAWiki (Ma et al, 2015) and RNAcentral (RNAcentral-Consortium 2015).  
As with many such databases, these are likely to include mis-annotated 
mRNAs.  For example, some RNAs classified as lncRNAs associate with 
ribosomes (Chew et al, 2013; Ingolia et al, 2009; Ruiz-Orera et al, 2014).  
Additionally, mass spectrometry analyses of peptides in two cell lines revealed 
69 of 9,640 so-called lncRNAs encode detectable peptides (Banfai et al, 2012; 
Derrien et al, 2012).  Proteomic analysis of male germ cells in rat also 
identified peptide sequences derived from previously annotated lncRNAs 
(Chocu et al, 2014).  It is not clear if these peptides are functional or represent 
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translational noise; regardless, the existence of a functional reading frame 
within an RNA does not exclude a non-coding function as well.  As described 
below, SRY, SRA and oskar RNAs have both coding and non-coding 
functions.   
It is likely that lncRNA classifications will be refined and subtypes of 
lncRNAs identified (Tuck and Tollervey 2013).  Distinctions may be made 
according to lncRNA interacting partners, their functioning in cis vs. trans, 
whether they influence chromatin modification or organizational states, if 
activities are cytoplasmic or nuclear, lncRNA structural properties, or the kinds 
of sequences from which they originate.  One example of the latter 
classification is represented by eRNAs, which are ncRNAs derived from 
enhancers, are typically less than 2kbp in length, and operate in cis (De Santa 
et al, 2010; Kim et al, 2010).  They have been shown to regulate transcript 
elongation by interacting with mediator complex (Lai et al, 2013), and 
recruiting NELF from RNA pol II pause sites (Schaukowitch et al, 2014); and 
they also affect chromatin looping associated with enhancer function (Pefanis 
et al, 2015).  eRNAs also regulate nucleosome remodeling processes 
(Mousavi et al, 2013).  Impairing eRNA accumulation can attenuate enhancer 
activity (Lam et al, 2013).  lncRNAs ncRNA-a3,4,5 and 7 themselves have 
enhancer like functions (Orom et al, 2010).  Other eRNAs, such as LED 
(Leveille et al, 2015) and LUNAR1 (Trimarchi et al, 2014), augment enhancer 
activity in trans by mechanisms that include recruiting mediator and RNA Pol II 
to enhancers.  Additional examples of this classification include the extra 
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coding RNAs (ecRNA), which are Poly(A)– RNAs that extend beyond the gene 
bodies of coding genes (Di Ruscio et al, 2013), and pancRNAs that are 
promoter-associated (Hamazaki et al, 2015).  The following four sections 
provide details of various molecular processes controlled by lncRNAs, which 
are summarized in Table IV.1 and Fig IV.1. 
 
Table IV.1  Processes controlled by lncRNAs. 
Nuclear Processes Examples References 
DNA methylation inhibition 
in cis 
ecRNA, CpG island R-
loop RNAs 
(Di Ruscio et al, 2013; Ginno et 
al, 2012) 
DNA methylation 
recruitment in cis 
rDNA pancRNA, pitRNA (Hamazaki et al, 2015; Schmitz 
et al, 2010; Watanabe et al, 
2011) 
Histone modification 
recruitment in cis 
Xist, Airn, HOTTIP (Nagano et al, 2008; Sleutels 
et al, 2002; Wang et al, 
2011; Zhao et al, 2008) 
Histone modification 
recruitment in trans  
HOTAIR  (Rinn et al, 2007) 
Histone modification state 
maintenance 
Firre (Yang et al, 2015) 
Nucleosome positioning SCHLAP1, Myheart, 
eRNAs 
(Han et al, 2014; Mousavi et al, 
2013; Prensner et al, 2013) 
Transcription interference Airn (Latos et al, 2012) 
Transcription factor 
sequestration 
Gas5, PANDA  (Hung et al, 2011; Kino et al, 
2010) 
Transcription factor 
recruitment 
BCAR4 (Xing et al, 2014) 
Organize chromatin 
domains and Nuclear 
bodies 
HOTTIP, Firre, MALAT1  (Tripathi et al, 2010; Wang et 
al, 2011; Yang et al, 2015) 
Enhancer control ncRNA-a3,4,5,7, eRNAs, 
LED, LUNAR 
(Lam et al, 2013; Leveille et al, 
2015; Orom et al, 2010; 
Trimarchi et al, 2014) 
Histone variant recruitment centromeric lncRNA (Quenet and Dalal 2014) 
Splicing control MALAT1, FGF2R 
antisense lncRNA 
(Gonzalez et al, 2015; Tripathi 
et al, 2010) 
Cytoplasmic Processes Examples References 
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Source of miRNAs H19 (Gao et al, 2012; Keniry et al, 
2012) 
miRNA sequestration ceRNAs: HULC, linc-MD1, 
lincRNA-RoR, H19; 
circRNAs 
(Cesana et al, 2011; Franco-
Zorrilla et al, 2007; Hansen 
et al, 2013; Kallen et al, 
2013; Wang et al, 2010; 
Wang et al, 2013) 
Translation control Uchl1 antisense lncRNA, 
lincRNA-p21 
(Carrieri et al, 2012; Yoon et al, 
2012) 
RNA stability control TINCR (Kretz et al, 2013) 
Source of siRNAs and 
piRNAs 
pitRNA, centromeric 
transcripts 
(Hall et al, 2002; Volpe et al, 
2002; Watanabe et al, 
2011) 
 
Fig IV.I. Mechanisms for lncRNA-mediate control of epigenetic state. 
 
 
IV.C lncRNA control of histone states 
A common theme with lncRNAs is their regulation of chromatin states, 
including histone and DNA modifications, nucleosome positioning and 
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placement of histone variants.  The lncRNA HOTAIR that silences HOXD in 
trans binds PRC2, the major H3K27 histone methyltransferase containing 
complex, and is needed for deposition of H3K27me3 at HOXD (Rinn et al, 
2007).  The RepA lncRNA encoded within Xist, as well as Xist itself, bind 
PRC2, which is necessary for deposition of H3K27me3 on the inactive X-
chromosome (Zhao et al, 2008).  Because PRC2 binds RNA promiscuously 
(Davidovich et al, 2013; Kaneko et al, 2013), it was not clear if these 
interactions were specific.  However, in RNA immunoprecipitation experiments 
only 20% of ~3,300 lncRNAs queried were observed to bind PRC2 (Khalil et 
al, 2009), indicating some specificity exists.  Subsequent studies identified 
lncRNAs with high affinity for PRC2 (Davidovich et al, 2015; Herzog et al, 
2014).  There are additional determinants of specificity for PRC2 binding; for 
example the Xist-PRC2 interaction is partly regulated by the nucleosome 
remodeler ATRX (Sarma et al, 2014).  Interestingly, maintenance of 
H3K27me3 on the inactive X-chromosome enabled by Xist requires an 
additional lncRNA.  PRC2 is a heterogeneous complex (Margueron and 
Reinberg 2011) and various components were found to recruit it to lncRNAs.  
PRC2 binding to lncRNAs can occur through its component proteins JARID2 
(Kaneko et al, 2014) or EZH2 (Kaneko et al, 2014; Zhao et al, 2008).   
Besides binding PRC2, lncRNAs bind a variety of writers, erasers and 
readers of histone modifications, as well as other chromatin regulatory factors.  
In many cases, a given lncRNA can bind multiple chromatin regulatory factors 
(Guttman et al, 2011), though it is not yet known which binding events occur 
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simultaneously.  Early findings reported Airn (Nagano et al, 2008) and 
Kcnq1ot1 (Pandey et al, 2008) bind the H3K9 methyltransferase EHMT2/G9a, 
with Kcnq1ot1 also binding PRC2 (Pandey et al, 2008).  By binding 
EHMT2/G9a, Airn is able to direct it to the linked Slc22a3 promoter, and 
silence it (Nagano et al, 2008; Sleutels et al, 2002).  HOTTIP, expressed from 
the HOXA locus, is brought into proximity to other sites in the HOXA cluster by 
looping, and through its recruitment of WRD5-containing MLL complexes, it 
promotes H3K4me3 deposition and gene transcription within the HOXA cluster 
(Wang et al, 2011).  HOTAIR binds PRC2, and the lysine-specific demethylase 
KDM1A/LSD1 through distinct domains (Tsai et al, 2010).  It is possible that 
these two factors are coordinated functionally, with KDM1A/LSD1 removing 
activating marks on H3K4 and PRC2 placing silencing marks on H3K27. 
In addition to promoting chromatin modifications, or their removal, 
lncRNAs can restrict them to specific domains.  A lncRNA from a 
pericentromeric region in S. pombe limits the spreading of H3K9me3 and 
binding of HP1, a reader of H3K9me3, beyond the centromeric region (Keller 
et al, 2013), and centromeric transcripts are the sources of siRNAs required 
for local placement of H3K9me3 (Hall et al, 2002; Volpe et al, 2002).  
Furthermore, in addition to binding PRC2, Xist binds SHARP/SPEN, 
HNRNPU/SAF-A and LBR, three factors necessary for X-inactivation.  
SHARP/SPEN interacts with the SMRT/NCOR2 co-repressor that activates 
the histone deacetylase HDAC3, which is likely to participate in restricting 
silencing to the inactive X-chromosome (McHugh et al, 2015).   
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Beyond their influence on covalent modifications to histone proteins, 
lncRNAs can control nucleosome position and placement of histone variants.  
The lncRNA SCHLAP1 controls the localization and activity of 
SNF5/SMARCB1, a component of the SWI/SNF complex that repositions 
nucleosomes in an ATP-dependent manner (Prensner et al, 2013).  A heart 
specific lncRNA, MHRT, interacts with the nucleosome remodeler 
SMARC4A/BRG1, restricting its activity at target sites (Han et al, 2014).  
Additionally, a centromeric lncRNA interacts with and is necessary for 
recruitment of the centromeric H3 variant, CENPA and its chaperone HJURP 
to human centromeres (Quenet and Dalal 2014). 
IV.D lncRNA control of DNA methylation states 
In addition to their effects on histone states, lncRNAs have been 
described that provide signals for deposition of DNA methylation in cis.  At the 
rDNA locus, a promoter-spanning antisense lncRNA forms an R-loop, a triplex 
structure between double stranded DNA and a hybridized RNA, which recruits 
DNMT3B to the locus, leading to local methylation and rDNA silencing 
(Schmitz et al, 2010).  At the imprinted Rasgrf1 locus, pitRNA, a lncRNA 
spanning the domain carrying the methylation imprint, is required for local 
DNA methylation (Watanabe et al, 2011).  This transcript normally functions in 
cis (Park et al, 2012); however, when expression patterns were perturbed, 
DNA methylation occurred in trans at the homologous locus (Herman et al, 
2003).  lncRNAs can also behave in the opposite manner, preventing 
deposition of DNA methylation.  In contrast to their role in placing DNA 
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methylation at the rDNA locus, R-loops that form at CpG islands of other 
promoters have been implicated in preventing CpG island methylation (Ginno 
et al, 2012).  The Poly(A)– ecRNA that extends across the CEBPA locus binds 
to the DNA methytransferase, DNMT1.  This binding sequesters DNMT1, 
limiting DNA methylation of the transcribed locus, and enabling expression of 
the coding form of the Poly(A)+ mRNA (Di Ruscio et al, 2013).  In RNA 
immunoprecipitation studies using antibody against DNMT1, many other 
Poly(A)– transcripts were isolated, suggesting ecRNA control of DNMT1 might 
be commonplace.  The domains from which ecRNAs are transcribed tend to 
harbor less methylation and have more transcription relative to domains 
producing Poly(A)– transcripts that are unbound to DNMT1 (Di Ruscio et al, 
2013), observations consistent with the notion that DNMT1 sequestration by 
ecRNAs frequently limits DNA methylation. 
IV.E lncRNA control of transcriptional states 
By influencing local chromatin states, lncRNAs can modify gene 
expression states.  However, lncRNAs can affect transcription through means 
that are distinct from their effects on chromatin.  For example, by binding 
transcription factors, lncRNAs such as GAS5 (Kino et al, 2010) and PANDA 
(Hung et al, 2011) can limit factor access to their DNA targets; though the 
lncRNA BCAR4, can enable transcription factor recruitment to DNA (Xing et al, 
2014).  In some cases, such transcription factor interactions are sensitive to 
extracellular signaling molecules (Trimarchi et al, 2014; Xing et al, 2014) or 
also involve histone modifiers that affect local chromatin states (Wang et al, 
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2008; Xing et al, 2014).  In addition to binding and recruiting EHMT2/G9a to 
some target sites, Airn, the lncRNA that regulates Igf2r imprinted expression 
(Sleutels et al, 2002), exerts this effect by transcriptional interference at the 
silenced paternal Igf2r allele (Latos et al, 2012).  At other loci, transcriptional 
interference by lncRNAs appears sufficient to control local gene expression 
(Latos et al, 2012; Martianov et al, 2007; Santoro et al, 2013).  
In addition to establishing chromatin and gene expression states, 
lncRNAs may respond to these states.  For example, the lncRNAs NEAT1 and 
MALAT1 bind chromatin, but exhibited novel patterns of chromatin localization 
after treatment of cells with the transcription elongation inhibitor flavopiridol.  
This demonstrated that lncRNA localization can respond to RNA polymerase II 
activity, in addition to influencing that activity (West et al, 2014).  Such results 
might reflect splicing choices influenced by lncRNAs (described further below); 
alternatively lncRNAs might maintain chromatin or expression states, once 
they are established.  This is the case for the lncRNA Firre, which is required 
to maintain previously established H3K27me3 on the inactive X-chromosome 
(Yang et al, 2015). 
IV.F lncRNA control of other functions 
lncRNAs influence a variety of other cellular functions beyond control of 
chromatin and transcriptional states, including nuclear architecture, splicing, 
and mRNA translation by multiple mechanisms.  In addition to its role in 
maintaining H3K27me3 on the inactive X-chromosome, Firre is also required 
for nucleolar localization of the inactive X-chromosome in mammals.  This 
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occurs through a mechanism involving its own interaction with CTCF (Yang et 
al, 2015).  Firre also binds the nuclear matrix factor hnRNPU through a 
sequence repeated within the lncRNA, and localizes to distinct regions in the 
genome in a manner dependent on hnRNPU expression (Hacisuleyman et al, 
2014).   
The lncRNA MALAT1 binds SR splicing factors and influences their 
localization in nuclear speckles (Tripathi et al, 2010).  MALAT1 also interacts 
with pre-mRNAs (Engreitz et al, 2014) and its depletion causes changes in 
alternative splicing (Tripathi et al, 2010).  An additional example of splicing 
control by lncRNAs involves intron-encoded lncRNAs that are processed by 
snoRNA-dependent mechanisms.  These so-called sno-lncRNAs influence 
splicing by their association with Fox family splicing factors (Yin et al, 2012).  
An antisense lncRNA from the human FGFR2 locus controls local alternative 
splicing choices by affecting local histone methylation state (Gonzalez et al, 
2015).   
A lncRNA corresponding to an antisense transcript from the coding gene 
Uchl1 regulates Uchl1 translation (Carrieri et al, 2012).  Interestingly, this 
lncRNA exerts its translational control through sequences with similarity to the 
SINEB2 repetitive element.  lincRNA-p21 also regulates translation of specific 
transcripts, likely by a mechanism that involves physical interaction with its 
targets (Yoon et al, 2012).  Though not controlling translation, the lncRNA 
TINCR can also affect protein levels after transcription and splicing by 
regulating mRNA stability (Kretz et al, 2013). 
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lncRNA effects can involve functional interactions with other regulatory 
ncRNAs.  miRNAs can be sequestered by lncRNAs that were referred to as 
competing endogenous RNAs (ceRNAs), some of which are circular (circRNA) 
(Hansen et al, 2013; Memczak et al, 2013; Tay et al, 2014), and these limit the 
capacity of miRNAs to regulate translation of their mRNA targets.  This was 
originally reported in Arabidopsis (Franco-Zorrilla et al, 2007), and also was 
found in mammalian liver cancer cells (Wang et al, 2010), myoblasts (Cesana 
et al, 2011), and embryonic stem cells (Wang et al, 2013).  Interestingly, H19 
was shown to act in this capacity as well (Kallen et al, 2013), while also being 
a precursor for distinct miRNAs (Gao et al, 2012; Keniry et al, 2012).  This is in 
addition to H19’s ability to bind the methylated DNA binding factor MBD1 and 
regulate other imprinted genes, both in cis and trans (Monnier et al, 2013).  
Also, miR-9 can target the lncRNA MALAT1 for degradation (Leucci et al, 
2013).  Beyond miRNAs, the piRNA pathway is necessary for lncRNA-
mediated control of DNA methylation at the imprinted locus Rasgrf1 
(Watanabe et al, 2011).  
The examples of genomic regulation provided here are simply 
illustrative of known lncRNA activities; additional studies are likely to reveal 
further activities, and the necessity of individual lncRNAs for physiological 
processes in vivo.  In one study of mice deficient for 18 lncRNAs, three were 
found to be essential for viability, and two affected growth (Sauvageau et al, 
2013).  Important questions, whose answers are beginning to emerge, include 
the following:  By what mechanisms are the lncRNAs themselves regulated 
 138 
(Amin et al, 2015), what are the details of the mechanisms by which lncRNAs 
exert their effects, and what health and disease relevant phenotypes are 
controlled by lncRNAs?  Understanding mechanisms of lncRNA action will 
require further knowledge of lncRNA structure and its impact on function 
(Brown et al, 2014a; Somarowthu et al, 2015); interacting factors including 
proteins, other RNAs, and possibly metabolites; factors controlling lncRNA 
subcellular localization; and for chromatin based phenomena, understanding 
how lncRNAs localize to, and/or restrict their activities at specific genomic 
domains.  For cis acting lncRNAs, many are likely to function co-
transcriptionally while still tethered to their DNA template.  How trans acting 
lncRNAs become targeted to and act at specific loci is less clear.  For Xist, 
YY1 is important for recruiting Xist to the inactive X-chromosome (Jeon and 
Lee 2011), but it is not clear how Xist is excluded from other genomic 
locations.  This might involve licensing enabled by X-chromosome pairing prior 
to X-inactivation (Xu et al, 2006), a mechanism that might be limited to X-
inactivation.  HOTAIR has many binding sites in the genome that are enriched 
for a GA-rich DNA motif, indicating DNA sequence specific binding factors 
might recruit the RNA (Chu et al, 2011).  In human cells, transcriptional targets 
of the lncRNA ANRIL/CDKN2B-AS1 both contain and require Alu elements for 
their ANRIL/CDKN2B-AS1 responses.  Not all Alu elements respond to 
ANRIL/CDKN2B-AS1, and it is not clear what provides specificity for Alu 
elements at ANRIL/CDKN2B-AS1 target genes (Holdt et al, 2013).  Additional 
issues requiring more study include the functional importance, if any, of post 
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transcriptional modifications to lncRNAs (Batista et al, 2014; Fu et al, 2014; 
Kiani et al, 2013; Liu et al, 2015a; Schwartz et al, 2014; Wang and He 2014; 
Zheng et al, 2013b), and the roles transposable elements have played in 
lncRNA diversity (Kapusta et al, 2013; Kelley and Rinn 2012; Liang et al, 
2012).  Approaches that systematically characterize proteins bound to specific 
lncRNAs will continue to be informative (McHugh et al, 2015).   
Many excellent and recent reviews describe the discovery, cataloging, 
and activities controlled by lncRNAs, as well as approaches towards functional 
analysis (Batista and Chang 2013; Cech and Steitz 2014; Chu et al, 2015; 
Engreitz et al, 2015; Fatica and Bozzoni 2014; Flynn and Chang 2014; Geisler 
and Coller 2013; Ghosal et al, 2013; Holoch and Moazed 2015; Hu et al, 2012; 
Iyer et al, 2015; Morris and Mattick 2014; Quinodoz and Guttman 2014; Sun 
and Kraus 2013; Troy and Sharpless 2012; Ulitsky and Bartel 2013; Wang and 
Chang 2011).  Additional reviews focus on mechanisms of lncRNA control of 
sex chromosome dosage compensation (Autuoro et al, 2014; Briggs and Reijo 
Pera 2014; Deng et al, 2014; Galupa and Heard 2015; Lee and Bartolomei 
2013), and control of development including stem cell maintenance and 
differentiation (Batista and Chang 2013; Fatica and Bozzoni 2014; Flynn and 
Chang 2014; Ghosal et al, 2013; Yao and Jin 2014).  Given the diverse roles 
lncRNAs play in essential biological processes common to many cell types, it 
should come as no surprise that lncRNAs play a vital role in reproduction, 
which is the focus of the remainder of this review.  Though many ongoing 
studies are descriptive, functional and mechanistic studies exist and will be 
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highlighted; these are summarized in Table IV.2 and Fig IV.2.  Studies from a 
diversity of species will be presented as they are informative for evolutionarily-
conserved processes. 
 
Table IV.2.  lncRNAs with identified functions in reproduction 
Reproductive 
process  
lncRNAs 
involved 
Mechanisms References 
Gonadogenesi
s 
Sxl promoter 
proximal RNAs 
Activates Sxl and recruits 
chromatin modifiers like 
Polycomb and Trithorax. 
(Mulvey et al, 2014) 
Sex 
determination 
SRY Acts as a miRNA sponge that 
competitively binds miR-138 to 
potentially influence sex 
determination. 
(Hansen et al, 2013) 
 Dmr Regulates splicing of DMRT1. (Zhang et al, 2010) 
Sex hormone 
responses 
eRNAs from 
ER-bound 
enhancers 
Controls ER regulated enhancer 
activity. 
(Li et al, 2013) 
 PCGEM1  Binds AR, and lncRNA PRNCR1; 
alters chromatin topology 
affecting androgen responses. 
(Yang et al, 2013) 
 PRNCR1  Binds AR, and methyltransferase 
DOT1L; alters AR modification 
state and chromatin topology 
affecting androgen responses. 
(Yang et al, 2013) 
 eRNAs from 
KLK3 enhancer 
cluster 
Recruits mediator and AR to 
KLK3 and KLK2. 
(Hsieh et al, 2014) 
 SRA Binds to and modulates activity of 
AR, ER, and PR;  binds additional 
transcriptional regulators.  
(Hatchell et al, 2006; 
Lanz et al, 1999; 
Lanz et al, 2002; Shi 
et al, 2001; 
Watanabe et al, 
2001) 
Meiosis UPGRADE2 Expressed specifically in 
Boechera species capable of 
asexual reproduction. 
(Mau et al, 2013) 
 IRT1  Increases nucleosome occupancy 
and repressive modifications to 
silence the meiotic regulator 
IME1. 
(van Werven et al, 
2012) 
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 RME2 Silences the oppositely 
transcribed meiotic regulator 
IME4, possibly by transcriptional 
interference. 
(Gelfand et al, 2011; 
Hongay et al, 2006; 
van Werven et al, 
2012). 
 meiRNA  Regulates nuclear import of the 
meiosis regulator Mei2, and 
formation of nuclear dot where 
Mmi1, which is capable of 
degrading meiosis regulating 
transcripts, is sequestered.  
(Harigaya et al, 2006; 
Shichino et al, 2014; 
Yamashita et al, 
1998) 
Spermatogene
sis 
mhrl Regulates Wnt signaling in 
spermatogonial cells. 
(Arun et al, 2012) 
 Tsx  Suppresses apoptosis of 
pachytene spermatocytes. 
(Anguera et al, 2011) 
 LDMAR  Required for anther development 
in rice. 
(Ding et al, 2012) 
Oogenesis oskar  Non-coding functions of oskar 
mRNA required for early 
establishment of oocyte polarity. 
(Jenny et al, 2006) 
 XIsirt and VegT Required for cytoskeletal 
organization and oocyte polarity 
in Xenopus. 
(Kloc et al, 2005) 
 XLOC_057324 Regulates flowering time and 
seed setting in rice. 
(Zhang et al, 2014) 
Placentation H19 Controls placental growth 
regulated by NOMO1 by encoding 
miR-675 that controls NOMO1 
translation. 
(Gao et al, 2012; 
Keniry et al, 2012) 
 HELLP  Controls cell survival and 
migration of trophoblast cells. 
(van Dijk et al, 2012) 
 SPRY4-IT1 Controls cell survival and 
migration of trophoblast cells. 
(Zou et al, 2013) 
 Airn  Regulates imprinted expression of 
Igf2r, Slc22a2 and Slc22a3 which 
influence placental growth. 
 (Nagano et al, 2008; 
Zwart et al, 2001) 
 Kcnq1ot1  Regulates imprinted expression of 
eight linked genes which 
influence placental growth. 
(Pandey et al, 2008) 
Reproductive 
disease 
NEAT1 Required for corpus luteum 
formation and pregnancy 
maintenance  
(Nakagawa et al, 
2014) 
 
 
Fig IV.2. Compilation of lncRNAs and proteins involved in reproductive 
processes. 
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IV.G Germ cell specification 
Formation of the animal germ line begins with specification of primordial 
germ cells (PGCs), the pluripotent cells that derive from a cluster of cells 
posterior to the definitive primitive streak in the extraembryonic mesoderm of 
mid-primitive-streak stage embryos, 7-7.5 days post coitum (dpc) in mouse.  
They later migrate along the genital ridge where they contribute to the 
developing gonad (Ginsburg et al, 1990).  Three proteins required for PGC 
specification include BLIMP/PRDM1, TFAP2C/AP2γ, and PRDM14 
(Magnusdottir et al, 2013).  In PGCs, BLIMP/PRDM1 represses genes 
involved in somatic development, in agreement with its prior characterization 
as a transcriptional repressor (Gyory et al, 2003; Keller and Maniatis 1991).  
However, BLIMP/PRDM1 is also bound near other genes that are activated 
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and important for PGC specification such as Tcfap2c/Ap2γ) and Cbx7.  Among 
the 5,046 BLIMP/PRDM1 binding sites in mouse PGCs are 313 associated 
with non-coding genes (Magnusdottir et al, 2013), whose functions in PGC 
specification are unknown.  Given that lncRNAs are known to directly repress 
transcription, it is possible that BLIMP/PRDM1 activates targets indirectly by 
negatively regulating uncharacterized repressive lncRNAs.  Further profiling of 
germ line lncRNAs, and interacting factors, could help resolve this. 
Another set of proteins important for PGC specification and meiotic 
progression are the RNA binding proteins DAZL, DAZ1, and BOLL/BOULE 
(Kee et al, 2009).  These bind RNA in the cytoplasm, regulating translational 
initiation (Collier et al, 2005); however, they have also been shown to 
translocate into and out of the nucleus during germ line development (Reijo et 
al, 2000).  During their nuclear phase, these proteins might functionally 
regulate coding and/or non-coding RNAs important for PGC formation or 
differentiation.  This could be addressed by identification and functional 
characterization of RNAs associated with DAZ family members at different 
time points during germ line differentiation.   
 lncRNAs may be involved in PGC specification by the variety of 
mechanisms cited above.  By way of example, Braveheart/Bvht is a lncRNA 
that controls the expression of MesP1, a master regulator controlling 
differentiation of mesodermal precursors into cardiomyocytes (Klattenhoff et 
al, 2013).  Using this system as a model, it is possible to envision that master 
regulators of PGC fate like BLIMP/PRDM1 or DAZL may also be under the 
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control of an unknown lncRNA.  lncRNA regulation might be active at every 
level of PGC development, both as an initiator and as a downstream response 
element. 
IV.H Sex determination and gonadogenesis 
Several lines of evidence suggest the importance of lncRNAs for sex 
determination and sex-specific patterns of development.  The number or 
identity of sex chromosomes is typically the genetic determinant of sex; 
however, there are cases of lncRNA involvement in this process as 
well.  Drosophila become female upon the early expression of the X-encoded 
Sex-lethal (Sxl) gene.  The expression of this gene is dependent upon the ratio 
of X chromosomes to autosomes (A) by a complex chromosome counting 
mechanism that requires the competition of gene products from each 
chromosome.  If X≥A, then the X transcription factors Sisterless-a and 
Sisterless-b activate Sxl expression; if X<A, then proteins including Deadpan 
and Extramacrochaetae directly or indirectly block binding to Sxl promoter, 
resulting in male determination (Schutt and Nothiger 2000).  Interestingly, 
expression of a panoply of lncRNAs located ~1kb upstream of the promoter 
add to the complexity of this counting mechanism, with RNAs from the R1 
region causing repression, and RNAs from the R2 region causing activation of 
Sxl (Mulvey et al, 2014).  These RNA species were also shown to recruit 
chromatin modifiers like Polycomb and Trithorax, indicating that Sxl 
expression is regulated by a complex interaction network involving many 
lncRNAs. 
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In mice, expression of the Y-chromosome encoded Sry gene is 
sufficient to drive male sex determination (Koopman et al, 1991).  SRY protein 
activates transcriptional cascades specific for male development (Kashimada 
and Koopman 2010), but its RNA independently functions as a circRNA 
miRNA sponge that competitively binds miR-138 in vitro, potentially 
contributing to its ability to positively regulate male specification (Hansen et al, 
2013). 
The DMRT1 protein has been implicated in sex determination in a variety 
of vertebrate and invertebrate species, including human, and acts both as a 
transcriptional repressor and activator (reviewed in Matson and Zarkower 
2012)).  In mice, the Dmrt1 transcript participates in trans splicing with the 
lncRNA Dmr, producing a transcript that encodes a protein with an altered C-
terminus.  Overexpressing Dmr in primary Sertoli cell cultures increased the 
abundance of the altered form of DMRT1 protein, reduced the abundance of 
the cannonical DMRT1 isoform, and led to impaired expression of DMRT1 
target genes, mimicking the DMRT1 loss of function phenotype.  It is clear that 
trans splicing negatively regulated DMRT1; what is unclear is whether the 
noncannonical isoform has its own regulatory activity.  Interestingly, reporters 
carrying a 3’ UTR from Dmr exhibit enhanced expression (Zhang et al, 
2010).  It is not known if these contrasting results are due to idiosyncrasies of 
the specific assay system, or if they reflect the range of regulation controlled 
by Dmr. 
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IV.I Sex hormone responses 
The study of lncRNA activity in the context of sex hormone response 
has largely been restricted to the steroid sex hormones, which utilize nuclear 
receptors (NRs), including the estrogen receptor (ESR1), androgen receptor 
(AR), and progesterone receptor (PGR).  Roles for lncRNAs have not been 
demonstrated for signaling by follicle stimulating hormone and luteinizing 
hormone, which utilize G-protein coupled receptors and cytosolic signal 
transduction cascades.  However, given the cytosolic localization and activity 
of many lncRNAs, such roles are plausible.   
Functional studies of ncRNA involvement in AR and ER responses 
include roles for eRNAs and other lncRNAs.  For example, eRNAs transcribed 
from ER-bound enhancers are known to recruit transcriptional activators to 
drive expression of nearby ER-responsive genes.  Loss of the eRNAs by 
siRNA knockdown led to reduced transcription of target genes without 
affecting ER recruitment; moreover, tethering specific eRNAs to a reporter 
gene enabled reporter activation (Li et al, 2013).  In a similar manner, the 
lncRNAs PCGEM1 and PRNCR1 associate with the AR.  Knockdown of 
PCGEM1 or PRNCR1 reduced transcription of a number of canonical AR-
targeted genes.  This was followed up with chromatin conformation capture 
(3C), where it was demonstrated that enhancer-promoter interactions were 
reduced in the absence of PCGEM1 and PRNCR1 (Yang et al, 2013).  At a 
single AR-driven locus, Kallikrein-related peptidase 3 (KLK3), an enhancer 
cluster 4 kb upstream of the KLK3 promoter binds AR in a hormone-
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dependent manner (Hsieh et al, 2014).  In this case the eRNA acts as part of a 
scaffolding apparatus that includes Mediator and AR to enhance 
transcriptional activity at the endogenous KLK3 locus and at the downstream 
KLK2 locus.  Additional AR and ER target genes might also be influenced by 
lncRNAs.    
The lncRNA SRA was originally identified in a yeast two hybrid screen 
for human PR interacting factors, indicating it has a functional reading 
frame.  However, its steroid hormone receptor activator activity does not 
require its translation, or an open reading frame (Lanz et al, 1999; Lanz et al, 
2002).  SRA has since been shown to modulate the activity of AR, ESR1, and 
PGR through direct association with the hormone receptors (Lanz et al, 1999) 
and through recruitment of a variety of transcriptional activators and 
repressors (Hatchell et al, 2006; Shi et al, 2001; Watanabe et al, 2001). This 
lncRNA has another unique property in that it can be spliced and translated 
into SRA Protein (SRAP/SRA1) which also enhances steroid hormone-
mediated gene expression (Kawashima et al, 2003).  
In addition to acting as a transcriptional coactivator, SRA has recently 
been shown to associate with a repressive histone modifying complex 
containing unliganded PGR (uPGR), and chromatin binding and modifying 
factors including CBX5/HP1, KDM1A/LSD1, HDAC1 and 2, and 
RCOR1/CoREST in breast cancer cells. uPGR localizes this complex to 
approximately 20% of steroid-responsive genomic loci.  Depletion of SRA led 
to destabilization of the complex and aberrant gene expression 
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patterns.  Upon progesterone treatment, the repressive complex is evicted and 
replaced by ligand-bound PR and basal transcription factors (Vicent et al, 
2013). 
While SRA is known to enhance the activity of various steroid receptors 
including, but not limited to the steroid sex hormones, the regulation of SRA 
transcription itself is unknown.  Similarly, the factors that determine its 
differential splicing to become a transcript coding for SRAP/SRA1 are also 
unknown. 
IV.J Meiosis 
lncRNAs have been implicated in control of meiosis from studies in both 
plants and yeasts.  In several plant species, seeds can form asexually through 
a variety of processes collectively referred to as apomixis (Koltunow and 
Grossniklaus 2003).  Shared features include female gamete formation in the 
absence of recombination or reductive division seen normally in meiosis, 
followed by parthenogenic embryo development in the absence of 
fertilization.  The resulting plants harbor their maternal genotype.  In several 
apomictic species of the genus Boechera, microarray analyses identified a 
conserved lncRNA, UPGRADE2, that is present and highly upregulated in 
pollen mother cells.  No homolog was found in sexually reproducing species of 
the same genus (Mau et al, 2013).  It remains to be determined if this lncRNA 
is simply associated with or required for apomixis in Boechera. 
 149 
 In the budding yeast, Saccharomyces cerevisiae, IME1 (inducer of 
meiosis) is kept transcriptionally silent by the repressor, RME1, in vegetative 
cells growing in a nutrient rich environment and in haploid cells encountering 
no partners of opposite mating type.  RME1 induces expression of a lncRNA, 
IRT1, which spans the IME1 promoter, and works in cis to increase local 
nucleosome occupancy, and to recruit the SET3 complex that deposits 
repressive histone modifications at the promoter (van Werven et al, 
2012).  Interestingly, many SET3 repressed genes have overlapping lncRNA 
transcripts (Kim et al, 2012).   
Another inducer of meiosis, IME4 (Shah and Clancy 1992), is also 
regulated in cis by another lncRNA, RME2, which is transcribed antisense 
relative to IME4 and might block its expression by transcriptional interference 
rather than by recruiting chromatin modifying factors (Gelfand et al, 2011; 
Hongay et al, 2006; van Werven et al, 2012).  Antisense transcripts to these 
lncRNAs activated sporulation (van Werven et al, 2012).  Interestingly, IME4 is 
a methyltransferase capable of placing the RNA modification, N6-
methyladenine (m6A) (Agarwala et al, 2012); RNAs harboring this modification 
are less stable than those lacking it (Batista et al, 2014).  The Drosophila 
ortholog of IME4, METTL3,  is essential for gametogenesis and embryo 
viability (Hongay and Orr-Weaver 2011).  These functions in Drosophila are 
mediated by the influence of IME4 on Notch signaling, though it is not clear 
how m6A modifications affect Notch signaling.  Many RNAs with IME4-
dependent m6A modifications have been described (Schwartz et al, 
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2013).  Other than RMA2, other meiosis specific lncRNAs have been 
described in S. cerevisiae, raising the likelihood that additional lncRNA 
dependent mechanisms exist that regulate meiosis (Lardenois et al, 2011).   
 lncRNAs have also been implicated in meiosis control in the fission 
yeast Schizosaccharomyces pombe.  Mei2 protein is the master regulator of 
meiosis in S. pombe (Watanabe et al, 1997; Watanabe and Yamamoto 
1994).  It is recruited to the nucleus by the lncRNA meiRNA (Shichino et al, 
2014; Yamashita et al, 1998), forming a nuclear dot (Shimada et al, 2003) that 
includes the lncRNA, Mei2 and Mmi1.  This occurs at the sme2 locus from 
which meiRNA is transcribed, identifying a cis acting function for 
meiRNA.  The dot promotes meiosis by sequestering Mmi1, an RNA binding 
protein that degrades meiosis promoting transcripts (Harigaya et al, 
2006).  Degradation requires polyadenylation and involves nuclear 
exosomes.  Interestingly, Mmi1, whose function is antagonized by meiRNA, is 
required for meiRNA recruitment to sme2 (Shichino et al, 2014), suggesting 
that though meiRNA functions in cis, its localization involves trans acting 
factors.   
Additional lines of evidence suggest, indirectly, other mechanisms that 
potentially involve lncRNA influences on meiosis.  The example of m6A 
controlled by IME4 was cited above, however, other methyltransferases have 
been implicated in processes critical to RNA function in vertebrates, 
invertebrates, and plants (Li and Mason 2014; Schwartz et al, 2013; Zhong et 
al, 2008).  More thorough characterization of both m6A modified RNAs and 
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lncRNAs influencing meiosis may identify the importance of m6A modifications 
to their action.  Another potential mechanism influencing lncRNA action 
involves RNA binding proteins known to be important in mammalian meiosis, 
including DAZL and DDX4/VASA (Medrano et al, 2012).  As mentioned 
previously, the DAZ family RNA binding proteins, which are required for PGC 
specification, are found in the nucleus and cytoplasm of fetal germ cells, in the 
cytoplasm of developing oocytes, and in the nucleus of spermatogonia.  Their 
translocation between nucleus and cytoplasm during meiosis (reviewed in 
(Brook et al, 2009; Smorag et al, 2014)) implicates additional functions than 
just translational control (Collier et al, 2005).  Two family members, DAZ and 
BOLL/BOULE, are required for later stages of meiosis (Kee et al, 
2009).  Immunoprecipitates of DAZL from rat testis homogenate contained 
many mRNAs, but these were also detected by microarray, which might have 
missed recently characterized lncRNAs.  Associations between DAZ family 
proteins and lncRNAs might reveal important participants in meiosis 
control.  DDX4/VASA is an RNA helicase that regulates mRNA translation and 
piRNA production (reviewed in Kotov et al, 2014).  DDX4/VASA 
immunoprecipitates from mouse testicular cells contained 858 mRNAs 
(Nagamori et al, 2011).  These were identified by microarrays designed to 
detect mRNAs.  RNA-seq analysis would reveal more reliably if DDX4/VASA 
also binds and functionally regulates lncRNAs associated with 
meiosis.  MOV10L1 is another RNA helicase that is expressed at increasing 
levels in germ cells between the gonocyte and pachytene spermatocyte 
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stages.  It binds the PIWI proteins PIWIL1/MIWI and PIWIL2/MILI (Frost et al, 
2010; Zheng et al, 2010) and piRNA precursor transcripts (Vourekas et al, 
2015), which, formally, may be considered a class of lncRNAs.  MOV10L1 is 
required for primary piRNA biogenesis (Vourekas et al, 2015; Zheng and 
Wang 2012; Zheng et al, 2010) and silencing retrotransposons in the male 
germ line (Frost et al, 2010).  Male mice lacking MOV10L1, or carrying a point 
mutation in the ATP binding domain of the helicase exhibit meiotic arrest in 
prophase I (Frost et al, 2010; Vourekas et al, 2015; Zheng and Wang 2012; 
Zheng et al, 2010); females deficient for the protein are fertile.  Special 
requirements for helicases during piRNA biogenesis may relate to G-
quadruplex structures potentially present in precursor transcripts (Vourekas et 
al, 2015). 
IV.K Gametogenesis 
IV.K.1 Spermatogenesis 
lncRNAs are dynamically expressed and appear to be highly regulated 
in spermatogenesis.  Several studies have profiled the transcriptomes of the 
developing male germ line and have defined a clear pattern.  First, transcript 
levels dramatically increase as spermatogonia enter meiosis.  These increase 
further as spermatocytes give rise to spermatids.  This is followed by a rapid 
depletion of RNA in spermatozoa (Bao et al, 2013; Chalmel et al, 2014; Laiho 
et al, 2013; Liang et al, 2014; Margolin et al, 2014; Soumillon et al, 
2013).  RNAs identified in these total RNA profiling studies include lncRNAs, 
however, few of these have been characterized functionally.  Recent RNA-seq 
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profiling at different stages of spermatogenesis highlight examples of potential 
regulation of spermatogenesis by lncRNAs. 
In array-based profiling of lncRNAs and mRNAs, stage-specific, 
differentially-expressed lncRNAs have been found within 30kb of coding gene 
clusters during spermatogenesis.  Depending on the coding gene cluster, 
there were positive or negative correlations between lncRNA expression and 
local mRNA expression.  The most pronounced changes in expression 
occurred after the onset of meiosis, with changes in lncRNA expression 
correlating with expression of nearby mRNA clusters.  A subset of these 
lncRNAs were characterized via CLIP-QPCR (Bao et al, 2013); many were 
found to interact with EZH2 and KDM1A/LSD1 to potentially regulate nearby 
expression and methylation states.  The coordinated change in expression of 
lncRNAs and corresponding gene clusters was also observed in an array-
based profile (Liang et al, 2014).  This is unsurprising in the context of the 
promiscuous binding of PRC2 (Davidovich et al, 2015); however, the 
physiological relevance of these data remains unknown and further 
characterization is required. 
At birth, spermatogonia in mice express a comparably low fraction of 
the total testis lncRNA profile (Soumillon et al, 2013).  An interesting transcript 
detected in this phase, mhrl, is a nuclear localized lncRNA that has been 
shown suppress the Wnt signaling pathway in a spermatogonial cell line by 
regulating beta-catenin nuclear translocation (Arun et al, 2012).  Wnt signaling 
is a regulator of “stem cell-ness” and implicated in maintaining a self-renewing 
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population of spermatogonial stem cells (Golestaneh et al, 2009; Yeh et al, 
2011).  Though mhrl-mediated repression of Wnt signaling suggests it 
influences spermatocyte differentiation, its specific function needs to be 
explored by in vivo manipulations of mhrl expression. 
Upon induction of meiosis there is a considerable increase in lncRNA 
transcription in mouse spermatocytes (Soumillon et al, 2013).  In pachytene 
spermatocytes, Tsx, a predominantly nuclear testis specific X-linked RNA, 
becomes highly expressed and escapes X-inactivation (Anguera et al, 
2011).  A Tsx knockout produces viable and fertile offspring, however, males 
have decreased testis size and increased levels of apoptosis of pachytene 
spermatocytes.  Interestingly, Tsx knockout mice showed deficiencies in 
learning and increased Xist expression.  The nuclear localization and X-linked 
expression of Tsx suggests a role in X-inactivation in pachytene 
spermatocytes; however, this regulatory role of Tsx is not yet understood. 
As previously mentioned, RNA modifications are relevant in 
gametogenesis.  The importance of RNA methyltransferases such as IME4 
and METTL3 were previously discussed in reference to gamete 
development.  However, RNA demethylases such as ALKBH5 are also vital 
during this time, specifically at the pachytene stage of spermatogenesis 
(Zheng et al, 2013a).  Alkbh5 knockout mice exhibited decreased testis size, 
sterility, an increase of m6A-modified mRNAs, altered RNA localization, and 
significant changes in gene expression.  The increased half-life of 
demethylated RNAs at this stage (Batista et al, 2014) may contribute to the 
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increased expression and overall abundance of ncRNAs in spermatocytes, 
potentially affecting the recruitment of other chromatin readers/writers such as 
PRC2 to loci.  Alternatively, m6A may be regulating RNA-Protein interactions 
or affinities via altered RNA base pairing (Liu et al, 2015a).  m6A-Seq has not 
yet been performed in developing testis. 
Tubulin cofactor A chromosome 13 isoform (TBCA13), a protein 
involved in tubulin assembly, increases in expression from 14 days post 
partum (dpp) to a highly expressed state at 25 dpp in mouse testis.  In a 
spermatocyte cell line, the transcription of Tbca13 is regulated via a 
pseudogene, Tbca16, which is a duplication of Tbca13 with both sense and 
antisense transcription on chromosome 16.  The antisense product of Tbca16 
appears to negatively regulate Tbca13.  When Tbca16 mRNA was depleted 
with shRNA, Tbca13 escaped silencing (Nolasco et al, 2012).  The mechanism 
of the silencing of Tbca16 and escape of Tbca13 during spermatogenesis has 
not been elucidated; however, a related mechanism might be found at the 3’ 
actin pause site where antisense transcription and R-loop formation recruits 
AGO2, EHMT2/G9a, and the repressive H3K9me2 mark to enhance mRNA 
termination (Skourti-Stathaki et al, 2014).  The in vivo importance of this 
regulation and its involvement in spermatogenesis has not been further 
explored. 
A majority of the transcriptome is depleted upon spermatozoa 
maturation.  Most recently, the transcriptomes of the nucleus and periphery of 
mature spermatozoa were profiled (Johnson et al, 2015).  These data indicate 
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that the majority of the RNA in a spermatozoon is localized to the cytoplasm, 
while a minority (roughly 34%) localizes to the nucleus.  Malat1 highlights the 
potential for lncRNA-mediated chromatin organization in the male germ line – 
despite the expulsion of most RNAs, it is enriched in the sperm 
nucleus.  However, Malat1 knockouts do not exhibit defects in fertility, 
underlining the fact that its function at this stage is unclear (Zhang et al, 
2012).  Several RNAs are present in mature spermatozoa that are not present 
in unfertilized oocytes and are delivered to the zygote upon fertilization 
(Johnson et al, 2015).  It is currently unclear if spermatozoon localized 
lncRNAs are vital for gamete formation or zygotic function after fertilization. 
IV.K.2 Oogenesis 
The developing mammalian oocyte exists in a cumulus-oocyte complex 
(COC), with cumulus cells (CCs) forming a network of cells surrounding the 
oocyte in close contact through gap junctions.  Early in oogenesis, CCs form a 
compact layer around immature oocytes, which are arrested at Prophase 
I.  Surges of FSH/LH at ovulation cause the COC to expand and detach from 
the follicle wall, coincident with the oocyte resuming meiosis (Yokoo and Sato 
2004).  Though the transcriptional change in CCs before and after the COC 
expansion is considerable, a small number of lncRNAs were detected as 
differentially expressed by RNA-Seq (Yerushalmi et al, 2014).  Ninety-six non-
coding RNAs, 45 antisense and 44 lincRNAs, were identified in this screen as 
having differential expression between compact and expanded CCs.  Though 
not evaluated functionally, the presence of antisense transcripts during this 
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interval suggests a regulatory role.  Another study investigated lncRNAs in 
“high-quality” CCs (H-CCs) versus “poor-quality” CCs (P-CCs) by microarray 
in human (Xu et al, 2014).  The samples were derived from in vitro fertilization 
and quality was defined by their morphology.  Of the 20,000 lncRNAs 
examined, 633 were identified as being differentially expressed between H-
CCs and P-CCs.  
These CC lncRNA profile data are especially important because of the 
evidence that cytoplasm and its contents are shared in a limited way between 
CCs and the oocyte.  In mammals, CCs that have been independently 
transfected with a GFP reporter allowed GFP mRNA to move into the oocytes, 
resulting in GFP expressing oocytes containing no plasmid (Macaulay et al, 
2014).  In Drosophila, nurse cells transfer RNA and other cytoplasmic 
components to oocytes (Cha et al, 2001; Nicolas et al, 2009); similar 
phenomena are seen in hydra (Alexandrova et al, 2005), and in mouse 
(Cossetti et al, 2014), which might be exosome mediated (Gezer et al, 2014; 
Pefanis et al, 2015).  This communication by cytoplasmic sharing is a perfect 
medium by which regulatory lncRNAs may be moved from a somatic cell type 
into the developing germ line. 
In a single-cell RNA-seq profile of MII oocytes and preimplantation 
embryos, 8,700 maternal lncRNAs were identified in the preimplantation 
embryo (Yan et al, 2013).  Here, 660 lncRNAs were identified as being 
differentially expressed from MII oocytes to zygotes.  These lncRNAs may 
affect gene activation during the maternal-zygotic transition.  In this context, 
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many lncRNAs in the transition from MII oocytes to 2-cell embryos have been 
identified as having possible functional relevance (Hamazaki et al, 2015).  In 
an impressive screen using strand-specific RNA-seq, more than 1,000 
potentially functional lncRNA/mRNA pairs have been identified; a subset 
acting as pancRNAs in zygotes.  A further screen on identified pairs would 
elucidate their functions.  Similarly, a great deal of antisense transcription was 
found near promoters in drosophila oocytes (Brown et al, 2014b). 
Several lncRNAs have been characterized in oogenesis in non-
mammalian systems.  Much like the previously mentioned SRA and SRY gene 
products, the Drosophila oskar gene is a good example of an RNA with coding 
and noncoding functions.  Loss of the oskar protein caused defects in, oocyte 
polarity, and embryonic germ line specification, and abdominal development; 
the loss of the oskar RNA, however, caused the additional phenotype of early 
arrest in oogenesis (Jenny et al, 2006).  This lncRNA is only translated upon 
localization to the posterior pole, where its 3’UTR is necessary to rescue the 
oogenesis defect, possibly by recruitment of other factors involved in the 
establishment of cell polarity (Kugler and Lasko 2009).  The independence of 
this 3’UTR was underlined when it was identified years later in a genome wide 
profile of 3’UTR associated RNAs (uaRNAs) (Mercer et al, 2011).  A similar 
RNA scaffolding function is found in Xenopus where two RNAs are required 
for proper cytoskeletal organization and oocyte polarity (Kloc et al, 
2005).  XIsirt is a lncRNA composed of short tandem repeats which are 
suspected to form stem loop structures for correct localization (Allen et al, 
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2003).  VegT mRNA, another dual purpose transcript, is necessary for 
cytokeratin network assembly while the VegT protein is a required 
transcription factor for mesoderm and endoderm differentiation (Kofron et al, 
1999; Xanthos et al, 2001).  These structural functions are unlikely to transfer 
directly to mammals since mammals do not have the same asymmetric 
distribution of molecules associated with oocyte development, though this fact 
does not preclude their function altogether. 
Beyond these studies of spermatogenesis and oogenesis done in 
animals, studies in plants are informing lncRNA-based mechanisms essential 
for gamete formation.  An RNA-seq screen for lncRNAs expressed in 
reproductive tissues of rice identified a number of transcripts.  One, 
XLOC_057324, was expressed exclusively in young panicles and pistils.  A 
strains with a T-DNA insertion in XLOC_057324 flowered prematurely and set 
fewer seeds (Zhang et al, 2014b).  In another study done in rice, hybrids 
exhibiting long-day-specific male sterility carried a mutation in the lncRNA 
LDMAR.  A point mutation in LDMAR was associated with increased DNA 
methylation of the locus, reduced LDMAR expression under long daylight 
conditions, and premature apoptosis of developing anthers (Ding et al, 
2012).  The mechanisms underlying these effects are not known. 
IV.L Placentation 
Initial data, though limited, are consistent with a role for lncRNAs in 
placenta formation and function, with some of the strongest results coming 
from studies of H19 in placental function.  H19 is a source for miR-675 
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biogenesis, a miRNA that has been shown to directly downregulate Nodal 
Modulator 1 (NOMO1) and inhibit its ability to stimulate proliferation of a 
human trophoblast cell line (Gao et al, 2012; Keniry et al, 2012).  In normal 
placenta, H19 and its miR-675 repress NOMO1 mediated proliferation, but in 
preeclamptic placentas, H19 and the miRNA are repressed, allowing NOMO1 
misregulation to cause placental overgrowth.  
In studies of HELLP syndrome – a maternal condition of hemolysis, 
elevated liver enzymes, and low platelets, which has its origins in placental 
insufficiency – a locus associated with this syndrome was mapped to an 
intergenic region harboring a lncRNA that is expressed in several trophoblast 
subtypes in human placenta.  When knocked down in extravillous trophoblast 
cells, gene expression changes were associated with increased G1/S and cell 
death functions, as well as decreased G2/M, cell survival, and migration 
functions.  Increasing accumulation of the HELLP lncRNA had the opposite 
effects, and decreased cell invasion (van Dijk et al, 2012).  The mechanisms 
by which the HELLP lncRNA exerts these effects are unknown.  
In other studies of term pregnancies with intrauterine growth restriction 
(IUGR), the NEAT1 lncRNA was found to be enriched four-fold in IUGR vs. 
control placentae (Gremlich et al, 2014).  This species is present in nuclear 
paraspeckles and is essential for their assembly (Clemson et al, 2009).  It is 
not clear if increased NEAT1 contributes to, or is a consequence of IUGR.  In 
other studies of preeclampsia, the lncRNA SPRY4-IT1, which is expressed in 
placenta, was reported to be overexpressed in preeclamptic placentae.  siRNA 
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knockdown of SPRY4-IT1 in a transformed human trophoblast line increased 
cell migration and reduced apoptosis, whereas overexpressing SPRY4-IT1 
had the opposite effects (Zou et al, 2013).  Additional lncRNAs were reported 
to exhibit differential expression in preeclamptic vs, control placentae, though 
the functional relevance has not be tested (He et al, 2013).  In vivo 
manipulations are necessary to assess directly the importance of these 
lncRNAs in placenta function.   
The placenta is associated with unique lncRNA-mediated control of 
some previously mentioned imprinted loci as well.  Airn controls imprinted 
expression of Igf2r globally, and controls imprinted expression of two 
additional adjacent genes specifically in placental tissue, Slc22a2 and Slc22a3 
(Nagano et al, 2008; Zwart et al, 2001).  Similarly, the lncRNA Kcnq1ot1 
regulates the imprinting of four nearby genes in all tissues, but controls four 
additional, more distantly placed genes in placental tissue (Pandey et al, 
2008).  Both of these lncRNAs have been shown to directly interact with 
chromatin modifying machinery in a lineage-specific way, suggesting that 
other lncRNAs might work similarly.  These imprinting mechanisms are 
probably more tightly regulated in the placenta due to the tissue’s more direct 
role in embryonic growth. 
IV.M Inheritance 
Though DNA is responsible for genetic inheritance, non-genetic 
transmission of traits through meiosis has been observed, a phenomenon 
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referred to as transgenerational epigenetic inheritance (TEI) (Rakyan and 
Whitelaw 2003).  Mechanisms underlying TEI are mediated by histone 
modifications, DNA methylation, prions, and most importantly for this review, 
RNA species.  The first evidence for the involvement of RNA in TEI came from 
studies of paramutation, a form of TEI, involving the b1 locus in maize.  Two 
alleles of b1 exist, B-I and B’, which are genetically identical, but B’ is silent 
and lacks DNA methylation in a repeat region necessary for paramutation, 
whereas B-I is active and methylated in the region (Stam et al, 2002).  When 
present in the same plant, B’ converts B-I to its own state, and the conversion 
is stable through meiosis for several generations.  The role of RNA in 
paramutation was demonstrated when it was shown that a 6kbp tandem 
repeat 100kbp upstream of the locus that has enhancer activity is transcribed, 
processed into siRNAs, and that this production and the paramutation 
phenotype requires the RNA-dependent RNA polymerase MOP1 (Alleman et 
al, 2006; Arteaga-Vazquez et al, 2010; Dorweiler et al, 2000; Stam et al, 
2002).  
Though not as robust as their plant counterparts, animal systems display 
similar RNA-mediated phenotype inheritance.  Studies of Kit+ 
(Rassoulzadegan et al, 2006), Sox9 (Grandjean et al, 2009), Cdk9 (Wagner et 
al, 2008), Rasgrf1 (Herman et al, 2003), and work in stressed mice (Gapp et 
al, 2014) revealed paramutation-like effects, with evidence consistent with 
RNA-mediated mechanisms.  Some of these early studies endeavored to 
prove the sufficiency of small RNAs to induce the phenotype of interest by 
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injecting miRNA species into wild type zygotes to recapitulate the 
phenotype.  While making a strong argument for sufficiency, these studies do 
not answer all questions.  For instance, elimination of the miRNA pathway by 
DROSHA knockout, or the piRNA pathway by Mov10l1 knockout increased the 
penetrance of the Kit+ phenotype, suggesting that miRNAs and piRNAs were 
acting as suppressors rather than activators of paramutation (Yuan et al, 
2015).  The mechanisms controlling TEI is unknown in mammals, but it is 
impossible to eliminate either the importance of indirect lncRNA control via 
small RNA regulation, or of direct lncRNA transmission upon fertilization.  RNA 
modifications appear to play a role, as the Kit+ and Sox9 phenotypes are 
dependent on DNMT2, an RNA methyltransferase, though the universality of 
the effect must be studied further (Kiani et al, 2013). 
IV.N Development 
lncRNAs associated with preimplantation development have been 
characterized by RNA-seq of zygotes and other preimplantation stages of 
development (Caballero et al, 2014; Hamazaki et al, 2015; Paranjpe et al, 
2013; Yan et al, 2013; Zhang et al, 2014a).  By comparing these lncRNA 
profiles with profiles of parental gametes, it is possible to identify those 
lncRNA arising immediately after zygote activation.  Evaluating the importance 
of these lncRNAs for early embryonic events will require their experimental 
manipulation (Sauvageau et al, 2013).   
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Some of the most extensive functional studies relating to 
preimplantation embryos come from studies of embryonic stem cells.  Cultured 
embryonic stem cells express at least 226 lncRNAs, 137 of which have been 
shown to affect gene expression, and 26 of which are necessary to repress 
differentiation and maintain pluripotency (Guttman et al, 2011).  These 
lncRNAs are involved in many functions.  For instance, Meg3 interacts with 
JARID2 to specifically recruit PRC2 and its repressive activity to embryonic 
development genes in trans (Kaneko et al, 2014).  lncRNAs can play activating 
roles too.  Six lncRNAs were shown to interact with WDR5, a protein shown to 
recruit MLL and its H3K4me3 activity (Wang et al, 2011; Yang et al, 
2014).  The lncRNA RoR does not control chromatin remodelers, but instead 
maintains expression of the core pluripotency factors by acting as a sponge to 
titrate out repressive miRNAs which would downregulate their translation 
(Wang et al, 2013).  Through a variety of mechanisms, the central role for 
lncRNAs at this stage is to maintain self-renewal characteristics (reviewed in 
(Flynn and Chang 2014)). 
Many critical steps in postimplantation somatic development have been 
shown to be regulated by lncRNAs.  Table IV.3 summarizes several key 
examples.  The reader is referred to recent reviews addressing this issue, 
including stem cell maintenance and differentiation (Batista and Chang 2013; 
Fatica and Bozzoni 2014; Flynn and Chang 2014; Ghosal et al, 2013; Yao and 
Jin 2014). 
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Table IV.3. Roles for lncRNAs in post-implantation developmental 
processes. 
Tissue lncRNA Function References 
Cardiovascular 
Fendrr 
Regulates cardiac 
development 
(Grote and Herrmann 
2013; Grote et al, 
2013)  
Braveheart 
Regulates 
cardiovascular 
development 
(Klattenhoff et al, 
2013) 
tie1AS 
Regulates tie1 and 
vascular development 
(Li et al, 2010) 
Hematopoietic 
H19 
Maintains hematopoietic 
stem cell quiescence 
(Venkatraman et al, 
2013) 
lncRNA-αGT 
Necessary for 
embryonic to adult α-
globin switching 
(Arriaga-Canon et al, 
2014) 
7 species 
Controls terminal 
erythroid differentiation 
(Paralkar et al, 2014) 
Musculoskeletal 
SRA 
Enhances myogenic 
differentiation and 
myogenic conversion of 
non-muscle cells  
(Hube et al, 2011) 
lincMD1 
Enhances myoblast 
differentiation  
(Cesana et al, 2011) 
Dum 
Regulates myoblast 
differentiation 
(Wang et al, 2015) 
MUNC 
Induces myoblast 
differentiation 
(Mueller et al, 2015) 
Neural 
Six3OS 
Regulates Six3 and 
retinal development 
(Rapicavoli et al, 
2011) 
TUNAR 
Regulates pluripotency 
and neural 
differentiation 
(Lin et al, 2014) 
Evf2 
Represses Dlx5 and 
controlling GABA 
circuitry 
(Berghoff et al, 2013) 
Pnky 
Regulates neurogenesis 
from neural stem cells 
(Ramos et al, 2015) 
Mammary 
Pinc1 
Regulates alveolar 
development 
(Shore et al, 2012) 
Zfas1 
Regulates alveolar 
development 
(Askarian-Amiri et al, 
2011) 
Endoderm DEANR1/LINC00261 
Regulates endoderm 
differentiation 
(Jiang et al, 2015) 
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Adipose 
HOTAIR 
Regulates preadipocyte 
differentiation 
(Divoux et al, 2014) 
10 species 
Regulates preadipocyte 
differentiation 
(Sun et al, 2013) 
 
 
IV.O Reproductive Disease 
Beyond placental insufficiencies discussed above that are associated 
with perturbations in lncRNA regulatory mechanisms, several lines of evidence 
document additional roles for lncRNAs in various reproductive 
pathologies.  For example, in a cohort study of nineteen men with idiopathic 
infertility and histologically confirmed meiotic arrest, copy number variants of 
three genes including the lncRNA LOC100507205 were found to be unique to 
the meiotic arrest patients as compared to 95 fertile controls (Eggers et al, 
2015).  In a second example, a screen in women for lncRNAs associated with 
premature rupture of the placental membranes (PPROM) identified thirteen 
lncRNAs that were differentially expressed in PPROM vs. full-term 
placentae.  These lncRNAs appear to play roles in the inflammatory response, 
smooth muscle contraction, and ligand-receptor interactions (Luo et al, 2015; 
Luo et al, 2013).  In a third study, women suffering from polycystic ovary 
syndrome (PCOS), characterized by high serum androgens, absence or 
irregular menstruation, and infertility, the lncRNAs SRA and CTBP1-AS1 were 
demonstrated to be overexpressed as compared to healthy controls (Liu et al, 
2015b; Liu et al, 2014).  Many additional studies have focused on the role of 
lncRNAs in various reproductive cancers.  For example, SRA, already 
discussed as a regulator of nuclear hormone responses, is elevated in 
 167 
estrogen-responsive ovarian and breast cancer (Hussein-Fikret and Fuller 
2005; Leygue et al, 1999; Murphy et al, 2000).  PGEM1 and PCNR1 lncRNAs 
were first identified as being overexpressed in aggressive prostate 
adenocarcinomas (Yang et al, 2013), and NEAT1 once again was implicated 
in the progression of androgen-insensitive prostate tumors (Chakravarty et al, 
2014).  Finally, two related genital malformation syndromes are associated 
with epigenetic alterations at H19, which is methylated on the paternal allele 
and thereby silenced.  In addition to silencing the paternal copy of H19, 
methylation is required for expression of the paternal copy of Igf2, to which 
H19 is linked.  Silver-Russell syndrome is clinically and genetically 
heterogeneous, with some patients exhibiting hypomethylation of H19.  The 
most severely hypomethylated females show congenital aplasia of the uterus 
and upper vagina, and severely hypomethylated males exhibit cryptorchidism 
and testicular agenesis (Bliek et al, 2006; Bruce et al, 2009).  H19 
hypomethylation is also associated with some Müllerian aplasia patients, 
whose congenital abnormalities of the female genital tract produce vaginal and 
uterine malformations that limit reproduction to methods involving surrogacy 
(Sandbacka et al, 2011).  Because paternal silencing of H19 and paternal 
expression of Igf2r are coupled, it is not clear whether aberrant expression of 
either or both loci is responsible for the reproductive phenotypes of these 
patients.  For each of these examples from human clinical studies, lines of 
evidence beyond associations are required to demonstrate the importance of 
candidate lncRNAs in reproductive processes, and further investigation is 
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necessary to reveal their mechanisms of action.  Animal studies will be 
important in this regard, such as those demonstrating that mice deficient for 
the lncRNA NEAT1 have impaired corpus luteum formation and failure to 
maintain pregnancy (Nakagawa et al, 2014). 
IV.P Conclusions 
While lncRNAs have been definitively recognized as important mediators 
of cellular fate and function, their role in the reproductive processes that 
initiate in the early embryo and continue through an organism’s reproductive 
lifespan are only now being elucidated.  Descriptive, hypothesis-generating 
studies that characterize lncRNAs associated with reproduction represent the 
low hanging fruit in the field.  These studies are heavily concentrated in 
specific reproductive events but remain sparse in others, and have been 
applied to a limited number of organisms.  The more challenging studies entail 
identifying which lncRNAs discovered in such studies in fact influence 
reproductive processes, and by what mechanisms.  Detailed mechanistic 
studies will require manipulating lncRNA expression and evaluating 
reproductive phenotypes; characterizing lncRNA structures, ideally those 
assumed in vivo; identifying proteins and other factors interacting with 
lncRNAs; cataloging the chemical modifications present on lncRNAs and their 
interacting partners, and assessing the importance of those modifications for 
structure and function.  Expanding such analyses to a diversity of species and 
a diversity of individuals within human populations will reveal the evolutionary 
conservation of lncRNA-mediated mechanisms affecting reproduction, and 
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genetic variants important to reproductive health.  Given the vast array of 
lncRNAs transcribed from complex genomes and their range of activities, such 
studies will rival the complexity and importance of functional genomic analyses 
of the coding genome. 
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V METHYLATION AS A POTENTIAL DRIVER OF PHENOTYPIC 
DIVERSITY IN CANIS LUPUS FAMILIARIS 
V.A Introduction: DNA methylation and the dog 
The domestic dog, Canis lupus familiaris, has served as man’s guard, 
partner, and companion for centuries. In recent years, the dog has proven to 
be an excellent model species. With its unique population structure composed 
of hundreds of highly inbred, morphologically and behaviorally distinct extant 
breeds, the dog has massively expanded our understanding of morphology, 
disease, and behavioral genetics (reviewed in Sutter and Ostrander, 2001). 
As fruitful as the canine genome has proven for the discovery of genetic 
variants, the investigation of the canine methylome is in its infancy. Recent 
studies have implicated DNA methylation as a possible driver of phenotypic 
variation in different dog breeds. For example, a potential epigenetic 
contribution to behavior differences in the Beagle, German Shepherd Dog, and 
Sapsaree dog breeds, dogs bred and known for highly diverse behavior, 
became evident when investigators found that brain tissue from these dogs 
displayed distinct differences in methylation levels at the promoter of 
Monoamine Oxidase A, with accompanying differences in MAOA mRNA levels  
(Eo et al, 2016). Monoamine Oxidase A is a known modulator of behavior: 
Mouse knockouts display aggression and anxiety-like behavior (Cases et al, 
1995; Chen et al, 2004); in human, MAOA has gained the nickname “warrior 
gene” due to genotypic predictiveness of aggressive behavior (McDermott et 
al, 2009) and is the target of the MAOI class of antidepressants (as reviewed 
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by Shulman, Herrmann, and Walker, 2013). 
Another study highlights the interaction of genetics and epigenetics: 
Mutations in the cyclooxygenase-2 (Cox-2) promoter are thought to increase 
risk for renal dysplasia, but have variable penetrance (Whiteley et al, 2011). 
However, bisulfite sequencing of a CpG island within the Cox-2 promoter 
revealed that methylation state was more strongly correlated to clinical renal 
dysplasia than genotype (Whiteley, 2014). 
Whole methylome analysis in the dog is comparably nascent. From 
previous investigators, we know that the canine methylome has 1.5 and 3 
times respectively more CpG islands than human and rodent; however, the 
dog has comparably fewer promoter-associated CpG islands (Han and Zhao, 
2009). Comparing the dog to its parent species, Canis lupus, reveals that dog-
wolf DMRs tend to overlap transposable element sequence and are more 
commonly hypermethylated in the dog relative to the wolf (Koch et al, 2016). In 
a more targeted comparison of cloned dogs with or without gonadal 
dysgenesis, whole genome bisulfite sequencing revealed aberrant methylation 
of the SRY gene as a potential cause of incomplete sexual development 
(Jeong et al, 2016). 
Here, we examine whether DNA methylation could be a contributing 
factor to canine body size. We first took a candidate approach, assessing a 
CpG island in the promoter of Igf1. A deletion in intron 2 of Igf1 has a dramatic 
impact on body size, explaining over 20% of body size variation across dog 
breeds (Sutter et al, 2007). We test the hypothesis that this allelic variant could 
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affect Igf1 activity through variable methylation of the Igf1 CpG island.  
Second, we took a genome-wide approach to identify DMRs that vary 
between two phenotypically distinct dog breeds, the Great Dane and the 
Yorkshire Terrier. We perform reduced-representation bisulfite sequencing 
(RRBS) of genomic DNA of two Great Danes and two Yorkshire Terriers and 
identify 37 DMRs associated with body size, at genes implicated in body size 
and cancer phenotypes. This work presents one of the first forays into what is 
likely to be a rich source of discovery for other phenotypic diversity such as 
behavior and disease risk. 
V.B Materials and Methods 
Genomic DNA collection: Peripheral blood mononuclear cell (PBMC)-
derived genomic DNA (gDNA) from twelve dogs, four Igf1 ancestral allele 
homozygotes, four heterozygotes, and four derived allele homozygotes were a 
gift from the Boyko Lab; three additional gDNA samples were acquired from 
the Cornell Biobank and used for mRRBS (Table V.1). 
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Table V.1. Name, breed, age, sex, weight, genotype, and source information for fifteen dogs used for Igf1 
promoter methylation analysis and mRRBS. Abbreviations: “F,” female; “S,” spayed; “M,” male; “C,” castrated; “I,” 
intact; “a,” ancestral (no SINE insertion); “d,” derived (SINE insertion); *denotes unknown. Assays performed on each 
gDNA sample, either RRBS or IgF1 targeted sequencing and COBRA (IgF1), is indicated at far right column. 
 
ID Breed Age Sex Weight 
(kg) 
Igf1 Genotype Source Assay 
PFZ15E01 English Bulldog 5y 4m FS 42.4 ad Boyko IgF1 
FJ67 Village Dog - Fiji Adult* F* 11.4 dd Boyko IgF1 
Stn_399 Village Dog - Belize 2y* MC 17.7 dd Boyko IgF1 
18396 Great Dane 3y 5m MC 56 aa Boyko IgF1, 
RRBS 
Bix American Water Spaniel 5y 4m MC 18.6 aa Boyko IgF1 
Scooby Mix 1y MC 7.4 dd Boyko IgF1 
16232 Rough Collie 2y 5m MC 27 aa Boyko IgF1 
Ruby American Water Spaniel 3y 8m FI 13.2 ad Boyko IgF1 
Maggie Mix 9y 9m FS 7.6 dd Boyko IgF1 
FJ87 Village Dog - Fiji Adult* M* 18.6 ad Boyko IgF1 
FJ61 Village Dog - Fiji Adult* M* 15.2 ad Boyko IgF1 
14930 German Shorthaired Pointer 8y 4m FS 26.3 aa Boyko IgF1 
18421 Yorkshire Terrier Adult* MC * * Biobank RRBS 
4089 Yorkshire Terrier Adult* MC * * Biobank RRBS 
13856 Great Dane Adult* MC * * Biobank RRBS 
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Bisulfite conversion, PCR, and COBRA for Igf1: Bisulfite conversion was 
performed on 250 ng of canine PBMC-derived gDNA (provided by the Boyko 
lab) using the EZ DNA Lightning Kit (Zymo D5001). BS-PCR was performed 
with the following primers for the Igf1 CpG island: IGF1BS1F 5’-
AYGGTTAGAAGTGTAATTGTTGTGGTTTGG-3’; IGF1BS1R 5’- 
CTACACCCRAAACTCCTCCAAAAAC-3’ and EpiMark Hot Start Taq DNA 
Polymerase (NEB M0490) following the manufacturer’s protocol. COBRA was 
performed by digesting BS-PCR products with 5 U BstUI at 60C for 1 hour. 
Digestion products were separated on a 4% agarose gel.  
Targeted bisulfite sequencing: The method for targeted bisulfite sequencing 
is described in Chapter II. The grep and reference sequence used for canine 
Igf1 are included in Table V.2. Methylation analysis was performed with 
QUMA (Kumaki et al, 2008). Total reads per sample are listed in Table V.3. 
Table V.2. Sequences used for QUMA analysis of the Igf1 CpG island. In 
preparation for analysis, raw files were probed for reads containing amplicon-
specific sequences using the grep function in Linux. QUMA was performed on 
these reads. 
 
grep  GGAGTAGAAGAGTTTTGGGTTA 
Reference for QUMA ggagcagaagagctctgggtcacggcaaagaacgggtcagtgcagggccg 
agggcgcttcggggtgggggagcctggggctgaacgacagtgaggaggga 
ggctccatcccaagcgcccaaatacgcactttctttcggaatcgaaaact 
gtgcgcgccgcctagtggccc 
 
Table V.3. Total bisulfite reads per sample for IGF1BS1F and R BS-PCR 
amplicon. 
Dog ID Genotype Total Reads 
18396 aa 2024 
Bix aa 1246 
16232 aa 1100 
14930 aa 755 
PFZ15E01 ad 951 
FJ87 ad 1988 
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FJ61 ad 811 
FJ67 dd 1195 
Stn_399 dd 1046 
Scooby dd 742 
Maggie dd 739 
 
Multiplex RRBS and DMR discovery: 
Multiplexed reduced representation bisulfite sequencing (mRRBS) 
libraries were prepared by Roman Spektor, following the protocol described in 
Boyle et al, 2012. Library quality control and DMR discovery were performed 
with MethylKit package in R (Akalin et al, 2012). GO Analysis was performed 
with PANTHER (Thomas et al, 2003). Total reads, median CpG coverage, and 
average reads per CpG for each RRBS library were reported with Bismark 
(https://www.bioinformatics.babraham.ac.uk/projects/bismark/) and are listed 
in Table V.4. 
Table V.4. Total reads, total cytosines analyzed, and average coverage 
per per cytosine for mRRBS libraries of two Yorkshire Terriers (YT) and 
two Great Danes (GD). 
 
Dog ID (Breed) Total 
sequences 
analyzed 
Total 
cytosines 
analyzed 
Avg coverage per 
cytosine 
19421 (YT) 14055094 127150911 8.11 
4089 (YT) 13534273 125153838 8.23 
13856 (GD) 13331698 119917584 7.96 
18396 (GD) 14733531 135799226 9.23 
 
HapFLK analysis: Adam Boyko intersected coordinates of DMR-associated 
genes with regions of strong positive selection, using hapFLK data from 
Schlamp et al, 2017. 
V.C Results 
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V.C.1 Bisulfite analysis of the Igf1 CpG island shows invariable 
hypomethylation regardless of Igf1 SINE genotype. 
Canine Igf1 harbors a 284bp CpG island roughly 4.6kb upstream of the 
Igf1 promoter (Fig V.1a) that is not conserved in either mouse or human. To 
test the hypothesis that variable methylation fo the CpG could correspond to 
the Igf1 SINE genotype correlated to body size, we designed bisulfite PCR 
primers that encompass >80% of CpG island sequence, spanning 17 CpG 
dinucleotides. Our PCR product includes two BstUI sites by which we 
evaluated methylation qualitatively via COBRA. Compared to a positive control 
(the murine Rasgrf1 DMR in wild-type sperm, which is 100% methylated), our 
amplicon is hypomethylated in all genotypes (Fig V.1b). Targeted bisulfite 
sequencing confirmed COBRA results, with average methylation below 10% in 
all genotypes (Fig V.1c). Stratification of bisulfite PCR reads by methylation 
status indicates that in all cases, the vast majority of sequencing reads are 
under 10% methylated (Fig V.1d). 
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Fig V.1. Methylation of a CpG island upstream of the canine Igf1 promoter does not vary with presence or 
absence of the Igf1 SINE insertion associated with body size. a) A 284bp long CpG island (green bar) lies 4.6kb 
upstream of Igf1 coding sequence on CFA15. Black arrowhead denotes the location of the SINE_Ccf insertion most 
positively correlated with body size variation (Sutter et al, 2007).  b) Representative COBRA for homozygous ancestral 
(aa), heterozygous (ad), and homozygous derived (dd) genotypes at Igf1. BstuI digestion queries two BstUI sites within 
the Igf1 CpG island. Sperm COBRA for the murine Rasgrf1 DMR is shown as a positive control for BstUI digestion. c) 
Average Igf1 DMR methylation of aa, ad, and dd dogs. Error bars represent standard deviation of biological triplicate at 
minimum. d) Total reads by methylation of three dogs with respectively the aa, ad, and dd genotypes. Key for 
methylation at right. n.s., not significant. 
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V.C.2 RRBS of Yorkshire Terriers and Great Danes  
 
We next took an unbiased approach to DMR discovery between pairs of 
adult male castrated Yorkshire Terriers (YTs) and Great Danes (GDs) via 
multiplexed reduced representation bisulfite sequencing (mRRBS).  
Using the methylKit package in R, we evaluated the similarity between 
and across paired samples (Fig V.2). We found that YT and GD samples 
clustered together hierarchically (Fig V.2a) and in Principal Components 
space (Fig V.2b); all four samples tended to be very highly methylated or 
unmethylated at cytosines; ie, did not display levels of intermediate 
methylation (Scatterplots and histograms in Fig V.2c) and are similar in their 
methylation compositions by Pearson correlation (Numbers at right in Fig 
V.2c). 
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Fig V.2. Analysis of mRRBS libraries of two Yorkshire Terriers and two Great Danes. a) Hierarchical clustering of 
Yorkshire Terrier (YT1 and 2) and Great Dane (GD1 and 2) using Pearson correlation distance. YT samples cluster 
together, as do GD samples. b) Principal Components Analysis of paired GD and YT samples demonstrate that GD1 
and GD2 are closer together in principal component space, as are YT1 and YT2. c) CpG region correlation across all 
four samples. Scatterplots of percent methylation values at left; showing that most cytosines are either hypomethylated 
or hypermethylated. Histograms along diagonal denote percent methylation histograms per cytosine of each sample 
and support scatterplot results.  Numbers at right indicate pairwise Pearson correlation scores; all sample pairs have 
high Pearson correlation scores, indicating similar percent methylation profiles across all samples.  
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We queried DMRs in 1kb sliding windows that differed in methylation by 
greater than 50%. We discovered 57 DMRs between YTs and GDs; 26 were 
hypermethylated in YT relative to GD; 31 were hypomethylated (Table V.3). 
We then assayed proximity to genes annotated in Ensembl. 
 
Table V.5. List of genes associated with DMRs that are a) 
hypermethylated and b) hypomethylated in YTs relative to GDs. Genes 
are listed by EnsemblID by order of significance; all genes have a significance 
value of p < 0.01. Distance from the gene transcriptional start site is included. 
 
Gene (Ensembl ID) DMR Distance from 
Gene (bp) 
a) Hypermethylated in YT 
ENSCAFT00000049616.1 0 
ENSCAFT00000042926.1 10344 
ENSCAFT00000047842.2 9802 
ENSCAFT00000037072.2 0 
ENSCAFT00000053566.1 -107324 
ENSCAFT00000016313.3 -25316 
ENSCAFT00000016894.3 -325 
ENSCAFT00000022329.3 0 
ENSCAFT00000050995.1 4956 
ENSCAFT00000027130.3 -11138 
ENSCAFT00000028741.3 6607 
ENSCAFT00000021177.3 2213 
ENSCAFT00000023460.4 0 
ENSCAFT00000042829.1 589 
ENSCAFT00000047988.1 6756 
ENSCAFT00000043153.1 -8085 
ENSCAFT00000005482.3 192 
ENSCAFT00000006283.3 0 
ENSCAFT00000051932.1 30879 
ENSCAFT00000052641.1 14322 
ENSCAFT00000058662.1 -24888 
ENSCAFT00000030552.4 29563 
ENSCAFT00000031243.3 921 
ENSCAFT00000039732.2 0 
ENSCAFT00000012950.3 0 
ENSCAFT00000017342.4 -3456 
ENSCAFT00000044991.1 16327 
ENSCAFT00000050441.1 17197 
ENSCAFT00000041364.1 0 
ENSCAFT00000020794.3 -476 
ENSCAFT00000046108.1 -334 
ENSCAFT00000030537.3 -3279 
b) Hypomethylated in YT 
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ENSCAFT00000000203.4 17583 
ENSCAFT00000052171.1 -55291 
ENSCAFT00000046618.1 0 
ENSCAFT00000022760.3 21525 
ENSCAFT00000023926.2 19286 
ENSCAFT00000031783.3 -377 
ENSCAFT00000037005.1 857 
ENSCAFT00000019096.3 2124 
ENSCAFT00000008978.4 -57028 
ENSCAFT00000025903.3 12976 
ENSCAFT00000047889.1 225 
ENSCAFT00000052151.1 23122 
ENSCAFT00000052842.1 -25661 
ENSCAFT00000046319.1 -29958 
ENSCAFT00000049388.2 -19456 
ENSCAFT00000030476.4 3467 
ENSCAFT00000008665.3 -16556 
ENSCAFT00000020170.3 -16507 
ENSCAFT00000016266.3 -3458 
ENSCAFT00000025797.3 -10933 
ENSCAFT00000052265.1 -54414 
ENSCAFT00000046493.2 -21 
ENSCAFT00000015169.2 -7884 
ENSCAFT00000051011.1 22947 
ENSCAFT00000021351.3 -19428 
ENSCAFT00000018069.3 -17797 
 
The most significant DMR between YTs and GDs (p = 3.59 x 10-54) is 
located upstream of the GLUD1 gene on CFA 4; this and others evaluated 
visually in the UCSC Genome Browser to confirm differential methylation 
across the annotated CpG island (Fig V.2a). GO analysis of significantly 
associated DMRs (p < 0.01) did not reveal significantly enriched biological 
processes (Fig V.2b). 
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Fig V.3. Manual inspection of the GLUD1 DMR and GO analysis of all identified DMRs. a) Visualization of 
differential methylation at the CpG island (green bar) upstream of the GLUD1 gene in the UCSC Genome Browser. YT 
ID #4089 and GD ID #13856 are shown. The YT is hypermethylated along the distal end of the CpG island, whereas 
the GD is hypomethylated. b) GO Analysis of DMRs that are hypomethylated or hypermethylated by 50% in YTs 
relative to the GD. GO term key at right. None of these terms are significantly enriched in either hypomethylated or 
hypermethylated DMRs. 
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V.C.2.i  Positive selection signatures at YT-GD DMRs.  
Chromosomal coordinates of statistically significant DMRs were 
intersected with coordinates of the canine genome under strong positive 
selection, identified using the statistic hapFLK. hapFLK utilizes haplotype 
frequencies within samples, and is therefore quite utile for evaluating breed-
specific regions of selection (Fariellio et al, 2013). HapFLK scan of 25 
purebred dog breeds, with 25 dogs per breed, reveals an average genome 
hapFLK of approximately 55; 68 genomic regions had statistically significant (p 
< 0.003) elevated hapFLK scores (Schlamp et al, 2015; Adam Boyko personal 
communications). One DMR, which lies intragenic to MRC2 was within a 1Mb 
block of positive selection on chr9; however, the highest hapFLK scores in this 
region centered around the known size gene GH1 (Fig V.4). No other DMRs 
were located within regions of positive selection. 
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Fig V.4. The GH1 positive selection sweep on chr9 contains a DMR at the MRC gene. Note that the highest 
hapFLK scores center around GH1. The YT-GD DMR is located within MRC2, demarcated by the green arrowhead. 
Annotated genes from C. familiaris are indicated in dark blue; annotated genes from other species are indicated in light 
blue. 
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V.D Discussion 
V.D.1 Methylation of the Igf1 CpG island does not correlate with Igf1 genotype. 
We used COBRA and targeted bisulfite sequencing to assay correlation of the 
SINE insertion in intron 2 of Igf1 with methylation at a CpG island upstream of the 
Igf1 promoter. In a panel of twelve dogs of known genotype, the CpG island is 
invariably hypomethylated. These findings do not rule out changes in DNA 
methylation in other tissues; tissue-specific patterns of DNA methylation have been 
well documented (Doi et al, 2009; Chaithanya Ponnaluri et al, 2017). In addition, 
while all dogs tested were adults at the time of DNA collection, they varied in sex and 
intact status, which could affect DNA methylation (Christensen et al, 2009). However, 
with these caveats in mind, our data support that the Igf1 SINE insertion that 
associates with body size variation does not act by imparting variable methylation to 
the DMR in upstream of the Igf1 promoter. 
DNA methylation is, of course, one of many means by which a noncoding 
variant can affect gene activity. Another strong candidate for the mechanism of the 
Igf1 SINE is enhancer disruption or decommissioning. While in silico analysis of the 
orthologous regions in mouse and human did not strongly support disruption of an 
intragenic enhancer, enhancers are poorly conserved across mammalian species 
(Villar et al, 2015). While the same considerations must be taken regarding the 
tissue-specificity of enhancers (Visel et al, 2009 and reviewed in Ong and Corces 
2011), further investigation could involve ChIP-qPCR for histone markers of active 
and inactive enhancers within Igf1 or, in a genome-wide iteration, ChIP-Seq in canine 
tissues. 
 186 
 
V.D.2 Genome wide YT-GD DMR discovery 
RRBS analysis revealed 57 DMRs between YTs and GDs. One DMR fell within a 
region of positive selection on chr9; however, the highest hapFLK peaks center over 
the Growth Hormone 1 gene, which is known to contribute to body size. We conclude 
that, at least in our limited data set and with the caveat that we utilize mRRBS rather 
than whole genome bisulfite sequencing, that the body size variation that so 
distinguishes the YT and GD breed is more likely to be driven by genetic changes 
rather than differential methylation.  
An additional consideration, besides our restricted data set and the reduced, but 
not comprehensive, nature of mRRBS, regards the intersection of DMRs with 
potential enhancer or other regulatory regions, as discussed above. None of the 
DMRs discovered appear to impact putative regulatory sequences as annotated by 
ORegANNO (Griffith et al, 2007). A canine ENCODE project does not yet exist as it 
does for mouse, human, worm, and fly (The ENCODE Project Consortium, 2012; 
Sloan et al, 2016); comparing the location of canine DMRs to putative regulatory 
regions in other species may again prove uninformative given the poor conservation 
of enhancers. 
Our findings do bring to light the possibility of differential methylation as a 
potential source of disease risk. While this has been explored extensively in humans 
(discussed in Chapter I), purebred dog breeds have known predispositions to 
numerous diseases, many of which have a human homologue. This study reveals 
two DMRs closely associated with two genes that echo some of these disease risks 
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in the Great Dane and the Yorkshire Terrier; first, MRC2 and osteosarcoma risk in 
the Great Dane, and second, GLUD1 and hypoglycemia in the Yorkshire Terrier.  
MRC2 and Osteosarcoma: Different cancers in the domestic dog have 
heritability values of up to 0.69 (Dobson et al, 2013); however, only a handful of 
causative mutations are identified. These include a single point mutation is 
associated with squamous cell carcinoma of the digit in the Poodle (Karyadi et al, 
2013) point mutations in BRCA1, BRCA2, and CDK5RAP2 for mammary cancer risk 
in English Springer Spaniels (Rivera et al, 2009; Melin et al, 2016). A syndrome that 
includes renal cystadenocarcinoma has been mapped to a mutation in the BHD gene 
in German Shepherds (Lingaas et al, 2003), and risk haplotype associations have 
been made in mast cell tumor and lymphoma risk in the Golden Retriever (Tonomura 
et al, 2015). However, genetic bases for other prevalent canine cancers including 
hemangiosarcoma, prostate adenocarcinoma, and osteosarcoma have yet to be 
identified. And while myriad reasons exist for why genetic markers for these highly 
prevalent cancers have not been identified yet in dogs, a strong hypothesis could be 
that environmental and epigenetic factors influence cancer risk. In human, many 
cancers have demonstrated interactions between genetic and environmental 
etiologies, among them breast cancer (Nickels et al, 2013) and non-small cell lung 
cancer (Davidson et al, 2016). Methylation analysis of cancers as a means of 
surveillance has also shown promising. In humans, methylation analysis of single 
genes in tumor cells have been shown to predict metastatic risk and/or disease-free 
interval in colon cancer (Chen et al, 2005) and breast cancer (Chimonidou et al, 
2013; Ulirsch et al, 2012). In the past year, a handful of studies have explored the 
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utility of whole blood-derived DNA methylome analysis as a surveillance method for 
cancer risk (Roos et al, 2016; Ambatipudi et al, 2017; reviewed in Yokoi et al, 2017) 
and as a substitute DNA methylation profile to predict allergy risk (Langie et al, 2017). 
The single DMR within a positive selective signal on chr9 falls directly within the 
gene body of C-Type Mannose Receptor 2 (MRC2). A key factor for collagen 
turnover, dysregulation of MRC2 is implicated in cancer metastasis, namely bone 
metastasis, as well as primary bone cancers such as osteosarcoma (St Croix et al, 
2000, reviewed in Melander et al, 2015 and Sturge 2016). In dogs, osteosarcoma 
(OSA) is diagnosed almost exclusively in giant breed dogs including the GD (Brodey 
1979; Misdrop 1980; Ru et al, 1998; Rosenberger et al, 2007; McNeill et al, 2007; 
Selvarajah and Kirpensteijn 2010). Some researchers have already targeted MRC2 
as a means of OSA therapy in vitro and in a mouse model (Engelholm et al, 2015) 
with promising results. In dog, MRC2 has already been demonstrated to be 
overexpressed on canine OSA cell surfaces relative to control lines (Milovancev et al, 
2013). Appropriate follow up for this finding would involve additional bisulfite analysis 
of other toy and giant breed individuals to determine methylation status of the MRC2 
DMR, as well as MRC2 methylation and expression analysis in canine OSA lines.  
Hypoglycemia: Hypoglycemia, or low blood glucose, is a malady of puppies, 
especially toy and hunting dog breeds, thought to occur due to inadequate hepatic 
stores of glycogen (Fieberger 1986; Bistner et al, 2000). If left untreated, 
hypoglycemia can cause listlessness, low energy, and can progress quickly to 
seizures and shock (Mila et al, 2017). Fortunately, hypoglycemia in juvenile dogs is 
fairly manageable with frequent, regular feeding and close monitoring. To our 
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knowledge, differences in resting insulin ranges in these dog breeds have not been 
investigated, most likely due to the costs and the risks associated with fasting 
hypoglycemia-prone puppies for resting insulin levels. Our highest significance DMR, 
shown in Fig V.2a, lies 1kb upstream of the GLUD1 gene. Gain of function mutations 
in GLUD1 are associated with several cases of hyperinsulinemic hypoglycemia in 
humans (Miki et al, 2000; Yasuda et al, 2001; Balasubramaniam et al, 2011; Odom et 
al, 2016; reviewed in Stanley 2011). While this could represent an interesting 
connection between differential methylation and disease risk, a number of preliminary 
assays are warranted, beginning with measuring resting insulin levels in toy, hunting, 
medium, and large breed puppies. Should resting insulin levels vary between the 
groups, bisulfite analysis of the GLUD1 DMR in more animals of these groups could 
be performed.  
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VI EXPANDED DISCUSSION 
 
VI.A Alternative mechanisms for the Rasgrf1 repeats in directing methylation 
in the male embryonic germline 
In Chapters II and IV, additional components of the mechanism underlying DNA 
methylation at Rasgrf1 were exposed: First, that the repeats themselves can act in a 
pitRNA-independent manner to impart methylation to the DMR; and second, that Sp1 
binds the repeats and drives pitRNA expression. In light of these data, a predominant 
question arises: By what mechanism is this cis-element dictating differential 
methylation? Potential mechanisms are discussed in Chapters II and III. Here, I will 
expand more on one hypothesis—that a differential G4 structure could exist between 
the maternal and paternal alleles. As discussed in Chapter III, the Rasgrf1 repeats 
are predicted to form a stable G-Quadruplex (G4). G4 structures require at least two 
guanine-rich tracts (five to seven consecutive guanines) separated by three to five 
nucleotides. The guanine tracts form a secondary planar arrangement via Hoogsteen 
hydrogen bonds, (Dipankar and Gilbert, 1988). Genome-wide, G4s appear to mark 
nucleosome depleted, regulatory chromatin; enhanced G4 formation is associated 
with increased local transcription (Hansel-Hertsch et al, 2016), and is negatively 
associated with DNA methylation (Halder et al, 2010). 
At specific loci, G4s have assumed both repressive and activating roles 
(Siddiqui-Jain et al, 2002; Cogoi and Xodo, 2006; Rankin et al, 2005). G4s have 
been demonstrated to be biologically relevant: As targets for telomerase (Moye et al, 
2015), they have implications for aging and senescence, Further, they have drawn 
attention as a target for cancer therapy (Riou et al, 2002; Zhou et al, 2006). G4s have 
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also been implicated as a class of cis-elements that could help direct the nuanced 
temporospatial events that occur in embryonic development (David et al, 2016). Even 
more recently, a G4 has been characterized at the imprinted H19 locus and requires 
Sp1 binding for suppression of H19 expression (Fukuhara et al, 2017). 
The Rasgrf1 repeats harbor 112 runs of GGGG tetrads, and is therefore 
predicted to form a stable G4. Notably, Sp1 binds both its canonical 5’-GGGCGG-3’ 
sequence as well as G4 structures. As such, a potential mechanism could involve 
differential G4 formation and Sp1 binding effects (Fig VI.1). 
 
Fig VI.1. Potential model for the mechanism of methylation at Rasgrf1. Male 
germline (upper diagram). Sp1 binds the repeats, which do not assume secondary 
G4 structure in the embryonic male germline. This drives expression of the pitRNA 
but does not recruit PRC2, allowing for Dntm3c-mediated deposition of DNA 
methylation at the DMR. In neonatal brain, paternal methylation leads to paternal 
expression of Rasgrf1. Female germline (lower diagram). G4 formation at the repeats 
are bound by Sp1 which could in this configuration recruit PRC2, which deposits 
H3K27Me at the DMR and precludes DNA methylation. In neonatal brain, the 
unmethylated maternal allele is not expressed. 
 
 
 
 
Several aspects of the model suggested above represent just one of many 
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possible permutations. First, G4 formation could occur in the male rather than the 
female germline, as G4 have also been shown to activate gene expression. Second, 
Sp1 may not be present at the repeats in the female germline. However, the 
experiments to test this model in all of its variants remain the same. First, differential 
G4 formation at the repeats in the female and male germlines could be assayed. 
Classic methods involve circular dichroism (Giraldo et al, 1994), though an alternative 
approach that may be more amenable to comparing the male and female states 
would involve G4 ChIP-qPCR for the repeats. Anti-G4 antibodies have been 
generated (Biffi et al, 2013) and are now commercially available (Millipore 
MABE1126). Second, Sp1 binding should be assayed in the female germline. Should 
Sp1 bind the repeats in the female germline, physical interactions between Sp1 and 
PRC2 should be assayed as a potential link between the Rasgrf1 repeats, PRC2, 
and the deposition of H3K27Me on the maternal allele. 
 
VI.B Summary: Imprinted loci as model systems for cis regulation of DNA 
methylation 
As genes that are defined by a parent-of-origin-specific pattern of DNA 
methylation, imprinted loci have proven to be extremely valuable in the identification 
of cis elements that direct DNA methylation. However, the mechanisms by which 
DNA methylation is directed remain relatively obscure. Certainly, as reviewed in 
Chapter IV, lncRNAs have been implicated as molecular bridges and scaffolds upon 
DNA methylatranferases and other effectors of epigenetic state might build, including 
the pitRNA at Rasgrf1. However, our work work in combination with others as 
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described in Chapter II, support a requirement for the cis element, rather than the 
lncRNA transcript that it drives. How the cis element at Rasgrf1 might function 
separately of the pitRNA was the focus of discussion in Chapters II, III, and Section 
VI.A. In general, how cis elements might function to recruit effectors of epigenetic 
state require a transcription factor that recognize cis element sequence or potentially 
secondary structure, as demonstrated at H19 (Fukuhara et al, 2017) and as we 
speculate upon at Rasgrf1. Returning to the former, a transcription factor might 
influence DNA methylation by binding unmethylated DNA and precluding or 
promoting DNA methyltransferase activity. Much in vitro data exist in support of both 
of these mechanisms (reviewed in Blattler and Farnam, 2013), but it largely remains 
to be seen whether any or all of these mechanisms act in vivo during crucial times of 
embryonic reprogramming. 
An additional, upstream consideration includes preexisting chromatin structure. 
As discussed in Chapter I and demonstrated in Chapter II, chromatin architecture can 
and does impact the extent of a strong transcriptional activator’s effects. Reducing 
the local effects of a transcriptional activator by maintaining distinct regions of 
chromatin interactions could also allow for the encroachment of repressive 
complexes—this has already been demonstrated in some cases, as loss of the 
histone demethylase LSD1 leads to loss of methylation at transposable element 
sequences, likely due to an increase in methylated H3K4 residues, which are 
typically marks of transcriptional activation, but which reduce DNMT binding (Wang et 
al, 2009). Alternatively, a compact versus a more permissive chromatin domain might 
preclude pioneer factors from binding target sequences and recruiting DNA 
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methylation. Certainly, alternate chromatin environments differ between the sexes, 
and could contribute to differential methylation at imprinted loci. Mechanisms that 
regulate chromatin structure are already well known in mature gametes (De La 
Fuente et al, 2001; Zhao et al, 2004; Burns et al, 2003) and could be at play during 
sex determination: For example, the male sex-specific factors SRY and SF1 activate 
an enhancer of Sox9, which is known to interact with p300 to regulate transcription 
and chromatin structure (Sekido et al, 2008; Furumatsu et al, 2005). 
VI.C Differential DNA methylation in the dog: Potential predictors of ancestry, 
age, and disease 
The data presented in Chapter V explore differential methylation between two 
phenotypically diverse dog breeds, the Yorkshire Terrier and the Great Dane. Having 
examined just two individuals of two different dog breeds, this dataset may have 
limited power to identify biologically relevant DMRs. However, within this dataset, we 
have identified two potentially informative DMRs, one within the GLUD1 gene, known 
to be involved in glucose homeostasis, and one within the MRC2 gene, which is 
known to be upregulated in primary bone cancers such as osteosarcoma. As such, 
our data in combination with the work of others indicate that the canine methylome 
has great potential as a rich source of variation for other traits. 
Recently, a large cohort of domestic dogs and wolves were sequenced by 
mRRBS (Koch et al, 2016). Multiple wolf-dog single methyl polymorphisms (SMPs) 
were identified, though a functional basis of any of these DMRs remain to be 
characterized. From this same data set, a “molecular clock” was proposed using 67 
and 41 SMPs in dogs and wolves respectively (Thompson et al, 2017). While much 
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remains to be discovered in the functional activity of these annotated SMPs, in 
human, genetic-epigenetic interactions have been implicated in conditions including 
oral cancer (Chan et al, 2008), Friedrich’s ataxia (Al-Madahwi et al, 2008), opiate 
addiction susceptibility (Oertal et al, 2012) and Graves’ disease (Stefan et al, 2014). 
In the context of haplotype-dependent allele-specific methylation, these SMPs may 
prove as informative in dogs as they have in humans (reviewed in Do et al, 2017). 
In our own work, we chose to examine differentially methylated regions 
composed of dense stretches of CpG dinucleotides, or CpG islands which RRBS 
captures efficiently (Gu et al, 2011) and which have known potential for 
transcriptional regulation (discussed in Chapter I). Our limited data set, composed of 
four dogs, have indicated the potential utility of DMRs in explaining phenotypic 
variation in dogs. To date, the dataset used by Thompson and Koch has yet to be 
mined for DMRs that differ between the fifty dogs representing nineteen different 
breeds, among them breeds of unique ancestry and appearance. Ancestry and 
relatedness amongst dog breeds and wild canids is extensively characterized 
(Lindblad-Toh et al, 2005; vonHoldt et al, 2010; Cronin et al, 2015; Parker et al, 
2017); however, whether DMRs can predict ancestral relationships, and to what 
resolution of relationships, is unknown, and could likely involve hierarchical clustering 
of mRRBS samples of different breeds. Such an experiment could also indicate the 
function of identified DMRs in driving dog breed diversification, which has fixed 
predispositions for behavior and disease in the domestic dog. 
The methylome of mixed breed dogs also carries immense potential, but has not 
been explored by us or others. Purebred dogs are typically emphasized in canine 
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genomics due to high degrees of inbreeding and trait fixation, but some studies do 
demonstrate the utility of mixed breed dogs, either in confirming findings from 
purebreds, such as mutations contributing to body size (Boyko et al, 2010), or aiding 
in the discovery of trait-associated mutations themselves (Huson et al, 2011). In 
many prevalent conditions, most with a known genetic contribution, mixed breed 
dogs are as susceptible as purebreds (Bellumori et al, 2013). Given that over half of 
the owned dogs in the United States are of mixed breed ancestry (AVMA, 2012), the 
predictiveness of DNA methylation for disease or behavior predisposition of mixed 
breed dogs could be incredibly valuable. 
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